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Abstract 
This thesis is concerned with the development, and subsequent use of a new tra-
jectory mapping technique to produce synoptic analyses of water vapour in the 
middle atmosphere. The technique has been applied to water vapour measure-
ments in the middle atmosphere made by the Microwave Limb Sounder instru-
ment (MLS) aboard the Upper Atmosphere Research Satellite (UARS). These 
measurements cover the time period early October 1991 until mid-April 1993. 
The technique assumes that 1) the water vapour data used to initialise the tra-
jectories are conserved and 2) the trajectories are adiabatic for the length of the 
advection. The technique uses a simple trajectory model and numerical wind 
fields interpolated to isentropic surfaces to produce equal-area gridded analyses. 
Trajectories are initialised using MLS water vapour data and have their value 
altered as MLS measurements are assimilated into the trajectory scheme at their 
time and position of measurement. In this manner the evolution of the water 
vapour field is constrained as much by the MLS water vapour measurements as 
by the wind fields, in contrast to pure trajectory techniques which are heavily 
sensitive to the quality of the meteorological analyses. The synoptic analyses 
produced by the technique are shown to greatly enhance the measurements of 
the MLS by increasing the spatial resolution and are more accurate than analy-
ses produced by gridding the daily data and approximating this to be a synoptic 
map. 
Analyses have been used in two case studies of atmospheric phenomena. The 
first has been to quantify, over an annual timescale, the irreversible transport of 
tropical air into northern and southern hemisphere mid-latitudes. Version 3 data 
were used. It is found that during 1992 roughly fifty per cent more tropical air 
is exchanged into northern mid-latitudes than into southern mid-latitudes. The 
exchange is associated with breaking planetary waves episodically disturbing the 
poleward edge of the tropical reservoir. The second case study involved looking 
at the temporal evolution of Arctic water vapour measured during the northern 
hemisphere winters of 1991-92 and 1992-93. A new version of the water vapour 
(Version 4) was used. These data are retrieved reliably to lower levels in the 
wintertime polar stratosphere than Version 3. Consequently we have been able 
to view lower down in the Arctic stratosphere than has been possible hitherto. 
Time-series of analyses highlight descent during the winter through the lower 
and middle Arctic stratosphere. Diabatic descent rates are estimated from the 
analyses and give good agreement with those obtained from radiative models of 
the winter stratosphere. 
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1.1 Motivations of the thesis 
A major limitation with the trace gas measurements made by instruments carried 
aboard orbiting satellites is the asynoptic nature of their measurements, that is, 
the fact that all the measurements are made at different times. The launch of the 
Upper Atmosphere Research Satellite (UARS) in early September 1991 with a 
payload of ten instruments, has given a huge dataset of asynoptic measurements 
of numerous trace gas species in the middle atmosphere. Ideally we would like a 
synoptic map of the trace gas field, from which daily and seasonal changes in the 
trace gas distribution could be viewed. 
A number of techniques have been reported for producing synoptic maps of trace 
gas data from asynoptic measurements. The simplest method, that of creating a 
map of the measured trace gas by taking a '24-hour average' of the daily asynoptic 
data can lead to a lack of resolution, especially in regions where the measurements 
have poor spatial resolution, such as in the tropics, and a misrepresentation of 
the evolution of the trace gas field in regions where the flow is rapid, such as 
around the polar vortex in the winter stratosphere. Other techniques involve 
using mathematical methods such as Fourier transforms to separate the temporal 
and spatial variations of the measurements to give then a prediction of the trace 
gas field at a chosen synoptic time. An alternative method, commonly referred to 
as 'trajectory mapping', employs numerical models and wind fields to advect trace 
gas measurements made before the synoptic time forwards, and measurements 
made after the synoptic time backwards to the synoptic time. Accumulation of 





trace gas field. 
As an extension of these methods, this thesis is concerned with the develop-
ment, and subsequent use of a new trajectory mapping technique. The technique 
produces synoptic analyses on isentropic surfaces from asynoptic satellite trace 
gas data and combines some of the best features of previous trajectory map-
ping techniques that have been reported in the literature. We have applied the 
new technique to water vapour measurements in the middle atmosphere made by 
the Microwave Limb Sounder instrument (MLS) aboard the Upper Atmosphere 
Research Satellite (UARS). The time period of the water vapour measurements 
spans early October 1991 until mid-April 1993. The technique uses the MLS-
measured water vapour data to initialise trajectories which are advected to finish 
on an equal-area grid. The technique is based on the presuppositions that 1) the 
water vapour used to initialise the trajectories is conserved and 2) the trajectories 
are adiabatic for the length of the advection. Five days of MLS data are used to 
produced each analysis. 
Having developed the technique for use with MLS-measured water vapour data, 
we were then keen to apply it to case studies in the atmosphere. As a passive 
tracer in the middle atmosphere, water vapour is invaluable in diagnosing strato-
spheric air motions, since an air parcel labelled with a water vapour value retains 
this value for a week or more. Consequently the temporal evolution of the water 
vapour field may be used directly to infer stratospheric air motion. The technique 
has been used therefore to investigate two distinct dynamical phenomena in the 
middle atmosphere. These are described below. 
Exchange of tropical air into mid-latitudes 
The poleward transport of air out of the tropics is a key part of the global cir-
culation within the stratosphere. As such, our knowledge of how tropical air 
is conveyed to high latitudes is important for understanding the chemistry and 
dynamics of the stratosphere. Satellite observations of aerosol ejected from vol-
canoes located within the tropics have shown a persistent barrier to transport of 
tropical air into northern and southern hemisphere mid-latitudes, with episodic 





Recent work to address the extent of isentropic mixing of tropical air into mid-
latitudes has centred on modelling studies of the tropical region, in which material 
contours are advected for many weeks and the resulting distribution analysed to 
look at areas and amounts of transport. Such results are heavily sensitive to 
the initial locations of the advected contours and to the accuracy of the meteo-
rological analyses driving the advection. Our approach has involved producing 
analyses of the MLS-measured water vapour field (Version 3) for the duration of 
the MLS water vapour measurements at heights spanning the middle atmosphere. 
Recognising that the tropical region is of fairly coherent latitudinal extent, we 
looked at the amount of air with mixing ratios characteristic of tropical air that 
occurs poleward of latitude bands centred on the middle of the tropical region. 
Analyses were used to quantify the amount of tropical air that was exchanged 
irreversibly into mid-latitudes during 1992. Our studies focussed mainly on the 
1100K isentropic surface (38 km) as this is the level at which wave breaking 
events generally have their largest amplitudes. The vertical structure of selected 
wave breaking events was also investigated. 
Evolution of water vapour in the Arctic vortex 
One of the most important features of the MLS dataset is the range of chemi-
cal species and the high density of measurements within the wintertime Arctic 
and Antarctic polar vortices. The dynamics and chemistry of the polar regions 
have received considerable attention since the realisation of the 'ozone hole' phe-
nomenon in the mid-1980s: the dramatic decline in ozone column measurements 
in the polar regions during spring. It is the dynamical isolation of the polar 
vortices during the winter and the intense cooling within their interiors that cre-
ate the necessary conditions for the springtime ozone loss. Consequently, the 
second case study sought to use the MLS water vapour measurements to look 
at dynamical processes within the Arctic vortex during the northern hemisphere 
winter. 
The MLS made water vapour measurements for approximately two months 
within the Arctic vortex during both the 1991-92 and 1992-93 northern hemi-
sphere winters. Analyses of the MLS-measured water vapour field (Version 4) 
3 
Chapter 1 	 Introduction 
were produced on stacked isentropic surfaces throughout the lower and middle 
stratosphere and the temporal evolution of water vapour on these surfaces was 
monitored during both northern hemisphere winters. Rates of diabatic descent 
in the lower Arctic stratosphere were directly inferred from the analyses. These 
gave useful comparisons to rates that have been reported from radiative models. 
We also looked at the degree to which air is contained within the Arctic vortex 
during the course of each winter. 
1.2 Outline of thesis 
Having introduced the major themes of the thesis, it is now appropriate to outline 
the contents of each chapter. 
In chapter 2 some fundamentals of the middle atmosphere are introduced, par-
ticularly relating to the temporal and spatial distributions of water vapour and 
to patterns of transport in the middle atmosphere. Attention is drawn to the 
vertical structure of the atmosphere and to how the ozone layer leads to a strato-
sphere, stably stratified in the vertical, in which vertical motion is suppressed. A 
review of our historical understanding of the spatial and temporal distribution of 
water vapour in the middle atmosphere is given, as well as its major sources and 
sinks. The important role that water vapour plays in determining the Earth's 
radiation budget, in the chemistry of the wintertime polar stratosphere and its 
use as a passive tracer are also considered. Some observations of stratospheric 
water vapour measured by the MLS are presented. The dynamical parameters 
of potential temperature (9) and potential vorticity (PV) are introduced as these 
are fundamental to the trajectory mapping technique: trajectories are calculated 
on isentropic surfaces and the wind field which advects the trajectories is itself 
heavily determined by the spatial distribution in potential vorticity. The physical 
constraint that air parcels conserve their values of both 9 and PV approximately 
on timescales of a week or less serves to organise the flow within the middle atmo-
sphere such that motion is constrained to be quasi-horizontal and highly zonal. 
The use of global observations of passive tracers in aiding our understanding of 
the flow in the middle atmosphere is presented, and the principal features of the 
mean circulation are described. Chapter 2 concludes with a description of the 
4 
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'barriers to transport' that are believed to exist in the middle atmosphere, most 
notably those at the edge of the wintertime polar vortex associated with the re-
gion of strong circumpolar winds and the steep meridional gradient of PV, and 
the tropical-extratropical barrier that 'separates' tropical air from mid-latitudes. 
Irreversible exchange of tropical air into mid-latitudes is investigated in Chapter 5 
of this thesis. 
Chapter 3 considers some inadequacies of the asynoptic MLS data; principally 
the low spatial resolution of the measurements (particularly in the tropics) and the 
errors that arise in analyses produced by considering a '24-hour average' of daily 
data. A number of techniques are then reviewed that have been reported in the 
literature for producing synoptic maps from asynoptic data. Chapter 3 concludes 
by proposing a new trajectory mapping method that uses MLS measurements 
and meteorological wind fields in conjunction with a simple trajectory model to 
produce synoptic analyses held on a regular grid, and which reflect all the MLS 
data measured within the advection period. 
This new technique is described in detail in Chapter 4 along with the trajec-
tory model, the MLS water vapour measurements, and the wind fields from the 
United Kingdom Meteorological Office which are used to produce the synoptic 
analyses. Advection is two-dimensional with the wind fields being interpolated 
onto isentropic surfaces. The technique uses the MLS water vapour measure-
ments to initialise trajectories which are advected to finish on an equal-area grid. 
The water vapour values of the trajectories are updated as MLS water vapour 
measurements are assimilated into the trajectory scheme. The technique is based 
on the presuppositions that 1) the water vapour used to initialise the trajectories 
is conserved and 2) the trajectories are adiabatic for the length of the advection. 
The new trajectory mapping technique is then applied to two distinct case 
studies. In Chapter 5, synoptic analyses of the MLS-measured water vapour field 
(Version 3) are used to quantify the degree to which air within the tropics is 
exchanged irreversibly into the mid-latitudes of the northern and southern hemi-
sphere during 1992. Experiments are mainly confined to the 1100K isentropic 
surface ('-"38 km) as this is the level at which wave breaking events generally 
have their largest amplitudes. The relationship of the transport to the direction 
of the zonal mean zonal wind is also investigated and the chapter concludes by 
Chapter 1 	 Introduction 
investigating the vertical structure of selected wave breaking events. 
Chapter 6 investigates the temporal evolution of water vapour in the Arctic 
vortex during the northern hemisphere winters of 1991-92 and 1992-93. A new 
version of MLS water vapour is used (Version 4) which is retrieved reliably to 
lower pressure levels in the Arctic winter stratosphere than the Version 3 data. 
Consequently analyses could be produced on lower isentropes in the Arctic vortex 
when using this new dataset. A comparison of Version 3 and Version 4 water 
vapour data is made. The temporal evolution of the interior vortex water vapour 
field is investigated on three isentropic surfaces through the Arctic stratosphere 
(550 K, 650 K, and 850 K) for both northern hemisphere winters, corresponding 
to altitudes of r25, 28 and 34 km respectively. The behaviour is similar for both 
northern hemisphere winters. The confinement of air within the Arctic vortex is 
also investigated by considering the temporal evolution in the mean water vapour 
mixing ratio of air bounded by 'PV tubes' adjacent to the vortex edge, both inside 
and outside the vortex. 
Chapter 7 presents a synthesis of the work presented in the thesis and proposes 
extensions to the work that may be pursued profitably in the future. These 
include the use of water vapour data from other UARS instruments, converting 
the trajectory model to give three-dimensional trajectories and extending analyses 
up into the mesosphere when reliable water vapour datasets of this region become 
available. 
Chapter 2 
Fundamentals of the middle 
atmosphere 
This chapter reviews a number of the key dynamical features of the middle atmo-
sphere, generally defined as that part of the atmosphere lying between 15 and 
100 km. It is structured as follows. Section (2.1) describes some of the physical 
and chemical features of the middle atmosphere, namely its chemical composition, 
the vertical structure of the atmosphere, and the presence and importance of the 
ozone layer. Section (2.2) describes water vapour in the stratosphere and reviews 
our current understanding of its spatial and temporal distribution. Attention is 
drawn to the sources and sinks of stratospheric water vapour, the important role 
it plays in determining the Earth's radiation budget, and its potential impor-
tance in wintertime polar stratospheric chemistry. The fact that stratospheric 
water vapour is largely conserved on timescales of the order several weeks means 
that it is an invaluable tracer for helping determine stratospheric air motions. 
Section (2.3) introduces the dynamical variables of potential temperature and 
potential vorticity which greatly help in describing flow within the middle at-
mosphere. Two important types of wave motion supported by the atmosphere 
are also described: buoyancy and planetary waves. Both these wave motions 
serve to redistribute chemical constituents, energy and momentum throughout 
the atmosphere. Constraints on the movement of air parcels are also considered, 
most notably that air parcels conserve both potential temperature and potential 
vorticity to a reasonable approximation for time periods up to a week or so. This 
results in motion being bounded in the vertical by the vertical gradient of poten-
tial temperature and in the meridional plane by the quasi-horizontal gradient of 
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potential vorticity. The phenomenon of the quasi-biennial oscillation in the zonal 
mean winds of the equatorial stratosphere is also discussed. 
Section (2.4) describes the use of conserved chemical and dynamical tracers 
in helping us infer motion through the stratosphere. Water vapour, potential 
temperature and potential vorticity are all shown to be important tracers. The 
mean atmospheric circulation is then described, and the existence of transport 
barriers in the atmosphere at the polar vortex edge and between the tropics and 
subtropics is discussed. A summary of the chapter is presented in section (2.5). 
2.1 The Earth's atmosphere 
The atmosphere of the Earth is a thin layer of gases and aerosols enveloping 
the planet's surface. It extends to an altitude of —100 km and has a mass of 
x 1018  kg. The vertical extent of of the atmosphere is therefore very much less 
than the radius of the Earth, Re  ('.'6370 km). The chemical composition of the 
Earth's atmosphere has changed significantly over the course of geological time. 
The present atmosphere is composed almost entirely of nitrogen and oxygen, 
in a 4:1 ratio, and these two gases account for over 99% of the atmosphere by 
volume. The rest of the atmosphere consists of water vapour, argon, carbon 
dioxide, and numerous trace gases. Table 2.1 shows the percentage fraction of 
chemical constituents in the present day atmosphere, for clean dry air near sea 
level. 
The vertical distribution of the atmospheric gases is determined by a balance 
between their gravitational attraction towards the Earth's surface and a vertical 
pressure gradient force which resists the compression. As a result, the density 
and pressure of the atmosphere fall off approximately exponentially with height 
above the surface. The formal mathematical relationship expressing the pressure 
p(z) at height z above the surface is given by the hydrostatic equation: 
dz ) 
p(z) =p0exp 	
Jo — kT/mgj 
where P0  and in are the surface pressure and molecular mass respectively, T is 
absolute temperature, g is the acceleration due to gravity and k is Boltzmann's 
constant. Since z << Re , to a close approximation g may be taken as constant 
F;] 
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Constituent Percentage composition 
Nitrogen (N2 ) 78.1 
Oxygen (02 ) 20.9 
Argon (Ar) 0.93 
Carbon dioxide (CO2 ) 0.034 
Neon (Ne) 1.8 x iO 
Helium (He) 5.2 x iO 
Methane (CH 4 ) 1.7 x iO 
Ozone (03 ) '-'1 x iO 
Krypton (Kr) 1 x 10 4 
Hydrogen (H 2 ) 5 x iO 
Nitrous oxide (N 20) 3.3 x iO 
Carbon monoxide (CO) 1 x iO 
Table 2.1: The fractional presences of the the most abundant species in the 
current atmosphere. Values are given as a fraction of the dry atmosphere; water 
vapour is present in variable abundances up to about 4%. From Houghton (1986). 
throughout the atmosphere. This condition of hydrostatic balance provides an 
excellent approximation for the vertical dependence of pressure in the real atmo-
sphere. The quantity kT/mg represents the characteristic distance over which 
the atmospheric pressure decreases by a factor e (-2.7) and is called the scale 
height. Mixing due to fluid motions ensures that the whole atmosphere behaves 
as though it were composed of a single species of relative molecular mass m = 28.8 
giving a typical scale height of ..'7 km. Only at the very top of the atmosphere, 
where the mean free path for molecular motions is relatively long and mixing is 
weak, is a separation on the basis of the constituent's relative molecular mass 
observed. 
It is important to realise that despite the relative insignificance of certain of the 
trace gases shown in Table 2.1 some of them nevertheless have very important 
roles in determining the dynamics of the atmosphere. For instance, ozone is re-
sponsible for warming in the middle stratosphere, thereby reversing the decrease 
in temperature with height that is characteristic of the troposphere (see 2.1.1) 
and is therefore responsible for the existence of the stratosphere. Other impor-
tant trace gases are carbon dioxide and water vapour as both play important 
roles in determining the Earth's radiation budget. Water vapour and nitrous 
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Figure 2.1: A typical mid-latitude temperature profile. From the U. S. Standard 
Atmosphere. 
oxide are important passive tracers since both are approximately conserved in 
the stratosphere over timescales of several weeks. Consequently changes in their 
global distributions can be used to help infer stratospheric air motions. 
2.1.1 The vertical structure of the atmosphere 
Figure 2.1 shows how the absolute temperature varies with height in the atmo-
sphere at a typical mid-latitude location. The temperature profile allows us to 
divide the atmosphere in to a number of regions; the troposphere, stratosphere 
and mesosphere. The middle atmosphere is generally regarded as the region ex-
tending from the tropopause to about 100 km and comprises the stratosphere and 
the mesosphere. 
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erally decreases with height, is known as the troposphere. The troposphere ac-
counts for about 85% of the mass and virtually all the water vapour, clouds and 
precipitation in the atmosphere. Very little solar radiation is absorbed in the 
troposphere and so the thermal structure of the troposphere is maintained by 
an approximate balance among infrared radiative cooling, vertical transport of 
sensible and latent heat away from the surface by small-scale eddies, and large-
scale transport by synoptic-scale eddies. The net result is a mean temperature 
structure in which the surface temperature has a maximum in the equatorial re-
gion and decreases toward both the winter and summer poles. The troposphere 
is normally in a state of conditional instability with an average lapse rate of 
r6.5 K km- 1 . If an air parcel ascends adiabatically and loses heat more rapidly 
than the environmental lapse rate then it will sink back to its original position 
and the atmosphere will be stable. On the other hand, if the air parcel loses 
heat less rapidly than the environmental lapse rate it will accelerate away from 
its original position and the atmosphere will be unstable. Such instability occurs 
frequently in the troposphere and so tropospheric motions are often very turbu-
lent and are characterised by rather strong vertical mixing. In turbulent regions 
air parcels may traverse the entire depth of the troposphere in a matter of hours. 
At the tropopause ('.1O km at the pole, .-.'16 km at the equator) the tempera-
ture stabilises then starts to increase with height through the region called the 
stratosphere. The troposphere and stratosphere together contain 99.9% of the 
total atmospheric mass. In the stratosphere thermal emissions of infrared , radi-
ation, primarily from the 15-pm band of CO 2 , results in cooling. In the mean 
this is balanced primarily by radiative heating owing to the absorption of solar 
ultraviolet radiation by ozone (see 2.1.2). As a result of the solar heating in the 
ozone layer, the mean temperature in the stratosphere increases with height to 
a maximum at the stratopause near '--50 km. This heating provides a significant 
energy source for driving the circulation of the middle atmosphere and forcing 
tides in the mesosphere. The temperature structure of the stratosphere with 
colder air underlying warmer air means that vertical mixing is suppressed, giving 
timescales of years for transport from bottom to top. The stratosphere therefore 
has large static stability associated with the overall increase of temperature with 
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Figure 2.2: The zonal mean observed temperature structure of the troposphere, 
stratosphere and mesosphere, for January conditions. The light shading shows 
the warmest regions and the dark shading the coldest. Units are degrees K. The 
scale on the right-hand ordinate is in units of scale height. From McIntyre (1992). 
original position. The different variations of temperature with height between 
the troposphere and stratosphere means that the two regions are very different 
dynamically: only disturbances of a sufficient scale can propagate vertically into 
the stratosphere, the change in stratification acting to filter out shorter wave-
length disturbances, such that only waves with low wavenumber can propagate 
up from the troposphere into the stratosphere. 
Above the stratopause (.-'48 km) lies the mesosphere, where, like the tropo-
sphere, temperature decreases with height owing to the reduced solar heating 
of ozone. The mesosphere, though, is strongly stable with respect to vertical 
motions, albeit less so than the stratosphere. 
The meridional temperature structure in the middle atmosphere is also quite 
different from that in the troposphere, and is shown in Figure 2.2. In the tropo-
sphere there is a decrease in temperature away from a maximum at the equator, 
towards minima at the summer and winter poles. In the lower stratosphere, 
however, where the temperature is strongly influenced by upper tropospheric 
12 
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Figure 2.3: Typical zonal mean zonal winds for (a) January and (b) July condi-
tions. Positive windspeeds show westerlies, and negative windspeeds show east-
erlies. From Holton (1992). 
processes, there are temperature minima at the equator and at the winter pole. 
The maximum temperatures within the stratosphere are reached at the summer 
pole, at altitudes between 40-50 km. 
Typical profiles of zonal mean zonal wind speed are shown in Figure 2.3. The 
main features are an easterly jet in the summer hemisphere and a westerly jet in 
the winter hemisphere, with maxima in the wind speeds occurring at an altitude 
of '-60 km. The strong wintertime westerly jet arises because the intense cold 
of the winter polar stratosphere produces a strong temperature gradient between 
the winter hemisphere mid-latitudes and the winter pole. This in turn produces 
strong geostrophic circumpolar winds around the polar regions and leads to the 
isolation of the winter polar air masses during winter and spring. The strong 
belt of circumpolar winds breaks down during the spring and summer as the 
temperature gradient between the pole and mid-latitudes weakens. 
2.1.2 The ozone layer 
Above about 25 km altitude oxygen molecules, 02,  are photodissociated by solar 
ultraviolet radiation of wavelengths less than 242 nm. The resulting oxygen atoms 
13 
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rapidly combine with 02 to form ozone, 0 3 . These two reactions can be written: 
02 +hv —p0+0 
0+02 +M-03 +M 
where M is any third molecule, usually N 2 or 02.  The volume mixing ratio 
of ozone within the middle atmosphere varies strongly as a function of height 
with the peak in ozone concentration occurring at 25 km altitude where volume 
mixing ratios may reach 10 parts per million by volume (ppmv). The bulk of 
ozone may be pictured as being contained in a 'layer' -.20 km thick and centred 
at an altitude of '-.-25-30 km. This is the so called 'ozone layer'. 
Ozone strongly absorbs solar ultraviolet radiation at wavelengths in the Hartley 
region (200-300 nm). At levels below '70 km virtually all the energy absorbed 
by ozone goes into kinetic energy of the molecules and thus increases the atmo-
spheric temperature. The resulting insolation warms the stratosphere until its 
temperature is high enough so that infrared cooling can balance the solar heating 
and provides a large energy source for driving the circulation of the middle at-
mosphere. Ultraviolet absorption by ozone thus causes the observed temperature 
inversion between the tropopause and the stratopause and is the fundamental 
reason for the existence of the stratosphere. In addition, the absorption of solar 
ultraviolet radiation by ozone protects the biosphere from biologically harmful ul-
traviolet radiation. Consequently lifeforms were only able to evolve on land once 
the ozone layer had developed. As a result, within the past few decades, there 
has been much interest in the ozone distribution in the middle atmosphere due to 
the concern that anthropogenic emissions of chemicals, most notably chlorofluo-
rocarbons (CFCs) could lead to rapid ozone destruction as proposed by Molina 
and Rowland (1974). The detection of the 'ozone hole' over Antarctica by re-
searchers from the British Antarctic Survey (Farman et al., 1985) showed that 
these fears had been realised. Their research showed that since the mid-1970s the 
total ozone column over Antarctica during the southern hemisphere late winter 
and early spring had been diminishing from year to year, and by 1984 was down 
by about a factor of two. 
It should be emphasised, however, that despite its fundamental importance, 
ozone is indeed a trace constituent in the atmosphere. Even at the peak of the 
14 
Chapter 2 	 Fundamentals of the middle atmosphere 
ozone layer the ozone mixing ratio is only '--'lO ppmv. If the entire atmospheric 
ozone content within a unit area column through the whole depth of the atmo-
sphere were brought to standard temperature and pressure (273K, 101.3 kPa) 
the thickness of that ozone column would be typically about 3 mm (300 Dobson 
units). 
2.2 Water vapour in the stratosphere 
2.2.1 A historical review 
Prior to the late 1940s little was known about the temporal and spatial varia-
tion of water vapour in the stratosphere. The popular assumption was that the 
stratosphere was in radiative equilibrium and that its composition was affected 
only by turbulent diffusion which mixed species up from the troposphere. Sem-
inal work in investigating the stratospheric water vapour distribution was done 
by Brewer (1949). He analysed water vapour measurements in the stratosphere 
over England and concluded that the observed mixing ratios were considerably 
lower than the minimum saturation mixing ratios at the local tropopause. If 
the water vapour originated vertically from below then mixing ratios should be 
equal to the local minimum saturation mixing ratio. To resolve this contradic-
tion, Brewer (1949) suggested that stratospheric air in mid-latitudes must have 
entered the stratosphere in the tropics, where frost points were sufficiently low 
(190-195 K) to explain the observed mixing ratios, before being transported into 
mid-latitudes. 
Current observations of lower stratospheric water vapour mixing ratios imply a 
limited location and season of troposphere-stratosphere mass transfer, since tem-
peratures must be low enough to remove nearly all water vapour by saturation 
(the 'cold trap'). Thus, although annual mean, zonal mean tropical tropopause 
temperatures are too warm to explain observed lower stratospheric water vapour 
mixing ratios, the cold trap condition is met at some times and locations. Newell 
and Gould-Stewart (1981) proposed a 'stratospheric-fountain' whereby the bulk 
of the exchange into the stratosphere occurs only in restricted regions and at 
specific times of the year. They identified the most favourable locations for this 
to occur as being over the western tropical Pacific, northern Australia, Indonesia 
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and Malaysia between November and March, and over the Bay of Bengal dur-
ing the monsoon. Troposphere-stratosphere exchange has been the subject of 
much investigation. Robinson and Atticks Schoen (1987) inferred from satellite 
radiance measurements that water vapour could be transported by convection 
through cloud turrets into the lower tropical stratosphere. Suitably low temper-
atures at these heights would be sufficient to cause condensation of tropospheric 
water vapour as it crossed from the troposphere into the stratosphere. They esti-
mated a minimum mass of ,-1017  kg yr 1 being transported into the stratosphere 
from the northern hemisphere troposphere alone. Danielsen (1993) also identified 
tropospheric water vapour being transported through cloud turrets into the lower 
stratosphere. 
Propagation of water vapour through the tropical tropopause changes the typ-
ical mixing ratio of water vapour by three or four orders of magnitude: from 
1-10 parts per hundred by volume in the troposphere, to 1-10 parts per million 
by volume (ppmv) in the stratosphere. Remsberg et al. (1996) estimated an 
annual average value of water vapour entering the stratosphere from below to be 
3.2-3.7 ppmv which is consistent with averages of in situ measurements of water 
vapour at low latitudes of the lower stratosphere. 
Early attempts to obtain a view of the distribution of water vapour in the strato-
sphere included work by McKinnon and Morewood (1970), Mastenbrook (1971), 
and Harries (1973). These were all relatively local studies and included mea-
surements only into the lower stratosphere, up to -30 km. McKinnon and More-
wood (1970) used aircraft-borne spectrometer measurements from 70°N to 40°S 
over North and South America. Their results showed the water vapour mixing ra-
tio between 10.7 and 18.3 km to decline with altitude at all latitudes to a minimum 
at -...2 km above the local tropopause, and to remain nearly constant thereafter 
to 18.3 km. Mastenbrook (1971) made measurements during a 6-year time pe-
riod over Washington D. C. (38°N) using a balloon-borne frost-point hygrometer. 
Data were measured as altitude profiles between 100-40 hPa ('.-16-23 km) and 
again showed the rapid decrease in water vapour mixing ratio across the local 
tropopause. Harries (1973) made measurements over Britain, the North Sea and 
the North Atlantic using an aircraft-borne far-infrared spectrometer. His results 
were in broad agreement with the earlier work and gave absolute humidity values 
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in the lower stratosphere of 1-3 mg kg'. 
These early studies, along with others in the 1970s, showed the strongly vary -
ing nature of the water vapour mixing ratio at the tropopause with much lower 
mixing ratios in the lower stratosphere as compared to the upper troposphere. 
An attempt to synthesise the then current understanding of the global distribu-
tion of water vapour was made by Ellsaesser (1983). Results obtained up until 
then showed irrefutable evidence for the aridity of the stratosphere and the rapid 
decline in water vapour mixing ratios upwards across the tropopause. Ellsaesser 
(1983) noted the deficiencies and paradoxes in the data obtained until then and 
it was clear that in order to understand the global-scale water vapour transport 
properties of the stratosphere a co-ordinated worldwide programme of measure-
ments was needed. 
Understanding of the temporal and spatial distribution of water vapour in the 
stratosphere was greatly improved with the launch of the Limb Infrared Monitor 
of the Stratosphere (LIMS) aboard the Nimbus-7 satellite. This conducted the 
first global, satellite-based measurements of stratospheric water vapour from Oc-
tober 1978 until May 1979, at which time the LIMS cryogen became exhausted. 
The LIMS instrument used the technique of thermal infrared limb scanning to 
sound the composition and thermal structure of the middle atmosphere and was 
able to make measurements thoughout the stratosphere. The vertical domain of 
data in the former balloon- and aircraft-based studies was extended up to 1 hPa 
(50 km). Results using the LIMS dataset have been published, e. g. Remsberg 
et at. (1984), Gille and Russell (1984) and Haggard et at. (1986). The distri-
bution in stratospheric water vapour as measured by LIMS is well-illustrated in 
Figure 2.4. Results clearly showed that stratospheric water vapour had a mini-
mum in the tropics which increased gradually poleward and upward. The upward 
increase in height was attributed to a photochemical source of water vapour from 
the destruction of methane, as suggested by Bates and Nicolet (1950). 
Further global measurements of water vapour were made by SAMS (Strato-
spheric and Mesospheric Sounder) from January 1979 to December 1981 and 
covered the altitude range 30-65 km and the latitude range 60°N-45°S. The ini-
tial water vapour measurements were poor because the transmittance behaviour 
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Figure 2.4: The distribution of stratospheric water vapour observed by the LIMS 
satellite experiment on 9 January, 1979. From Gille and Russell (1984). 
data (Munro and Rodgers, 1994) yielded twelve monthly zonal means of the wa-
ter vapour field. At high latitudes in the winter hemisphere results showed a 
steady poleward decrease in water vapour mixing ratio below '-'35 km ('-1O hPa), 
consistent with a sink for water vapour in the winter polar stratosphere. 
While LIMS and SAMS provided measurements for short time periods, the 
second Stratospheric Aerosol and Gas Experiment (SAGE—IT) has provided con-
tinuous measurements of stratospheric water vapour since 1985. Results from 
1985-1989 have been published, e. g. Rind et al. (1993), McCormick et al. (1993), 
Chiou et al. (1993). More recently, further global datasets of stratospheric wa-
ter vapour have been provided by instruments aboard the Upper Atmosphere 
uI 
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Research Satellite (UARS) launched by NASA in September 1991. The UARS 
carried four instruments capable of measuring stratospheric water vapour: the Mi-
crowave Limb Sounder (MLS), the Halogen Occultation Experiment (HALOE), 
the Improved Stratospheric and Mesospheric Sounder (ISAMS), and the Cryo-
genic Limb Array Etalon Spectrometer (CLAES). Preliminary water vapour re-
sults from UARS have already been published, e. g. Harwood et al. (1993), Tuck 
(1993), Lahoz et al. (1993, 1994), Carr et al. (1995), Mote et al. (1995, 1996). 
By mid-1993 all these instruments, with the exception of HALOE, had ceased 
making water vapour measurements in the middle atmosphere. 
Water vapour measurements from the SAGE—IT and UARS missions give good 
agreement on the stratospheric water vapour distribution and time dependence, 
in broad agreement with the distribution shown in Figure 2.4: during most of 
the year, minimum mixing ratios occur at or just above the tropical tropopause, 
at the 'hygropause' (Kley et al., 1982), and are larger in northern summer than 
northern winter, so exhibiting an asymmetry around the equator. Water vapour 
mixing ratios increase upward and poleward, largely due to methane oxidation in 
the upper stratosphere, increasing by about a factor of two from the equator to 
±600  at 50 hPa ('20 km). The maximum concentration of water vapour usually 
occurs in the lower mesosphere ('--'55-60 km) with rapidly decreasing values at 
higher altitudes. As a result of the seasonal cycle in both transport and tropical 
tropopause mixing ratios, the minimum in mid-latitudes occurs in March in both 
hemispheres. The data support the Brewer-Dobson hypothesis that air enters 
the stratosphere in the tropics (Brewer, 1949) and point towards the stratosphere 
being flushed by air entering only though the tropical tropopause and leaving 
only through the polar tropopause, by descent through, and subsequently out of, 
the polar vortex. In the lower stratosphere, the observed distribution of water 
vapour can be explained by the concept of quasi-isentropic transport by eddies 
in the meridional direction. 
Carr et al. (1995) showed that the variability of water vapour in the equato-
rial lower stratosphere follows an annual cycle modulated by the quasi-biennial 
oscillation (see 2.3.3). At levels higher in the stratosphere, MLS-measured water 
vapour exhibits a semi-annual oscillatory signal with the largest amplitudes at 
2.2 and 1.0hPa (-45 km). 
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Mote et al. (1995) showed that in the tropical lower stratosphere, low-frequency 
variations are closely related to the annual cycle in tropical tropopause tem-
peratures. In the tropical lower stratosphere the water vapour mixing ratio is 
closely related to the temperature the air encountered when it crossed the trop-
ical tropopause. Tropical stratospheric air appears to retain information about 
the tropopause conditions it encountered for over a year as it rises through the 
stratosphere (Mote et al., 1996). 
Measurements of water vapour have been made since the UARS launch, notably 
by the Atmosphere Trace Molecule Spectroscopy Experiment (ATMOS) instru-
ment which has flown aboard three space shuttle flights since 1992. ATMOS 
was one of ten instruments comprising the Atmospheric Laboratory for Appli-
cations and Science (ATLAS) mission which flew on the shuttle in March 1992, 
April 1993 and November 1994. An overview of the ATLAS mission has been 
given by Kaye and Miller (1996). Results have only recently been published. AT-
MOS made measurements using the occultation technique (similar to HALOE 
on UARS). Another instrument aboard the ATLAS, the Millimeter-wave Atmo-
spheric Sounder (MAS), made water vapour measurements in the stratosphere 
and mesosphere during the Arctic spring of 1992. Measurements showed that 
in the lower stratosphere ('15-20 km) there was enhanced water vapour inside 
the vortex in agreement with other water vapour datasets (e. g. Aellig et al., 
1996). In the upper stratosphere and lower mesosphere there were regions of de-
pressed water vapour mixing ratio coincident with remnants of potential vorticity 
from the Arctic vortex break up. These are consistent with wintertime descent 
into the vortex, and suggest effective containment of air within the Arctic vortex 
throughout the stratosphere and into the lower mesosphere. 
2.2.2 Sources and sinks of stratospheric water vapour 
Most water vapour in the stratosphere has its origins in the troposphere and has 
been transported upwards across the tropical tropopause. Water vapour is also 
created in the stratosphere, principally by the photolysis of methane molecules 
by solar ultraviolet radiation. This mechanism was first proposed by Bates and 
Nicolet (1950). The two-dimensional modelling results of Le Texier et al. (1988) 
showed that the photochemistry of formaldehyde (CH 2 0) is also important in the 
20 
Chapter 2 	 Fundamentals of the middle atmosphere 
production of water vapour from methane. Analysis of both LIMS water vapour 
and SAMS methane observations from the Nimbus-7 satellite (Jones et al., 1986) 
confirmed that water vapour mixing ratios in the stratosphere are consistent with 
a source from the oxidation of methane. 
Although the precise photochemistry of methane oxidation is complex, it is 
sufficient to note that oxidation of methane produces 3 water molecules per 
methane molecule oxidised, where 0 must lie between 1.5 and 2.0 (Remsberg 
et al., 1984). Further analysis of LIMS water vapour and SAMS methane obser-
vations by Hansen and Robinson (1989) indicates that 0 increases with height in 
the stratosphere, reaching values close to 2.0 at the stratopause where methane 
oxidation is most efficient. The production of water vapour by methane oxida-
tion is essentially complete by 50 km (Brasseur and Solomon, 1986). Remsberg et 
al. (1986) used HALOE measurements of water vapour, methane and hydrogen 
fiouride to determine 3. They assumed a conservation of total hydrogen according 
to a methane oxidation chemical mechanism and determined /3 to have a range 
1.6-2.4 in the middle to upper stratosphere. 
Water vapour may be removed from the stratosphere by both chemical and 
dynamical processes. As discussed by Jones et al. (1986), the principal chemical 
sink of water vapour in the stratosphere and lower mesosphere is rapid reaction 
with O('D): 
H20 + O('D) -* 20H 
and this reaction is extremely important for initiating hydrogen radical chemistry 
in the stratosphere. In the mesosphere, photolysis of water vapour by Lyman-a 
radiation and in the Schumann-Runge bands and continuum becomes important 
and the water vapour mixing ratio decreases towards the mesopause. Products 
following the photolysis will include H (eventually lost to space), OH, H0 2 and, 
after radical recombination, H 2 . 
Water vapour may also be lost from the stratosphere through dynamical pro-
cesses. One way is through the sedimentation of water ice crystals out of the 
polar vortices during winter from polar stratospheric clouds forming at altitudes 
of r20-25 km. Such a sink was first proposed by Stanford (1973) and the process 
has been modelled by Douglass and Stanford (1982). They estimated an upper 
limit to the amount of water vapour that could be removed through condensa- 
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tion in the Antarctic vortex to be '2.7 x 1010  kg assuming some re-evaporation. 
Another dehydration mechanism was proposed by Danielsen (1982). He sug-
gested that entrainment of stratospheric air into the troposphere could occur in 
the vicinity of large-scale cirrus anvil clouds. These can occasionally penetrate 
into the lower stratosphere and are a well-known feature of tropical convective 
systems. 
2.2.3 The role of stratospheric water vapour 
Despite the small concentrations of stratospheric water vapour, with mixing ratios 
of typically 5-10 ppmv, it nonetheless plays an important role in the chemistry 
and dynamics of the stratosphere. It plays a chemical role, for instance as a 
source of OH radicals which participate in most chemical cycles in the strato-
sphere. Stratospheric water vapour has a radiative role; as an absorber and 
emitter of infrared radiation and as an absorber of solar radiation. As such, wa-
ter vapour (particularly upper tropospheric water vapour) plays an important 
role in determining the radiation budget of the Earth; as shown by Rind et al. 
(1991) who demonstrated the important positive feedback effect of water vapour 
in climate models. 
Water vapour is unique among long-lived trace gases in that it occasionally 
saturates under stratospheric conditions. This occurs most notably low down in 
the winter polar vortex if temperatures fall below r'.'195 K and water ice crystals 
may form to produce polar stratospheric clouds (PSCs). The precise temper -
ature at which PSCs may form is a function of pressure and is near 195 K on 
the 50 hPa (-20 km) pressure level, an extreme temperature that is rarely main-
tained for long periods except in the Antarctic winter stratosphere. PSCs have 
been observed in numerous datasets, e. g. within the Antarctic vortex, Adriani et 
al. (1995) observed PSCs from ground-based lidar measurements over McMurdo 
Station (78 0 S), during spring 1992. PSCs generally contain not just water ice 
but also nitric acid trihydrate or nitric acid dihydrate which condense at tem-
peratures roughly 10 K higher than water ice crystals (Toon et al., 1989) and 
thus probably account for most of the PSCs. Very rapid heterogeneous reactions 
on the surface of the ice crystals, followed by the action of sunlight, can convert 
anthropogenic chlorine in the stratosphere from fairly inert to very reactive forms 
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with CIO being dominant. Enhanced CIO has been observed to precede ozone 
loss in both the Arctic and Antarctic winters, with high CIO being correlated 
with low ozone during the late winter and early spring, e. g. Waters et al. (1990). 
Water vapour is an important tracer for studies of atmospheric circulation 
(see 2.4.1) since it has a relatively long photochemical lifetime (time constant, 
or e-folding time) of the order a week in the upper stratosphere increasing to 
over a month in the lower stratosphere (Brasseur and Solomon, 1986), and has 
a high degree of spatial variability. Consequently the temporal evolution of the 
water vapour field may be used to infer stratospheric motion and much has been 
learned about stratospheric transport by analysis of water vapour datasets from, 
for instance, LIMS, SAGE—TI and the MLS. 
2.2.4 MLS observations of stratospheric water vapour 
Figure 2.5 shows the zonal mean distribution of stratospheric water vapour (Ver-
sion 3) as measured by the MLS for a number of days during January and July 
1992. The distributions of the water vapour in Figure 2.5 are consistent with pre-
vious satellite measurements from the LIMS and SAGE—IT instruments in that 
they show water vapour mixing ratios increasing upward and poleward from a 
well-defined minimum in the tropics. The minimum value of -.'3.8 ppmv varies in 
height between the retrieved 46 and 22 hPa pressure levels (Carr et al., 1995). 
The zonal distribution may be explained by the fact that air is believed to enter 
the stratosphere through the tropical tropopause. It is then transported vertically 
and poleward in the Brewer-Dobson circulation (Brewer, 1949), while subject to 
quasi-horizontal mixing by breaking or dissipating planetary waves (Andrews and 
McIntyre, 1976) and to a slow hydration by methane oxidation. These processes 
result in a zonal mean water vapour distribution in which mixing ratios increase 
upward and poleward in the stratosphere from the tropical tropopause (Remsberg 
et al., 1984). 
MLS water vapour measurements have also been used to characterise the be-
haviour of the stratosphere during winter and spring. Harwood et al. (1993) 
showed that during springtime significant descent occurs at the centre and edge 
of the Antarctic vortex acting to bring moister high altitude air down into the 
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Figure 2.5: Zonal mean stratospheric water vapour mixing ratios as observed by 
the MLS for selected days in January and July, 1992. Version 3 data have been 
used and isopleths are drawn every 0.25 ppmv. The 4, 5, 6 and 7 ppmv isopleths 
have been drawn bold. 
well-illustrated in Figure 2.6. The moist areas within the Antarctic vortex are 
well-correlated with the spatial boundary of the vortex suggesting that there is 
containment of interior vortex air by the strong circumpolar winds. The break 
up of the Antarctic vortex during spring acts to generate a mean equatorward 
transport of moist air in the opposite direction to the mean prevailing diabatic 
circulation. Similar results have been shown by Lahoz et al. (1993) for the Arctic 
vortex. Their work showed that moist air from the upper stratosphere descends 
into the Arctic vortex, serving to moisten the vortex interior at --'25 km. In the 
mid-stratosphere, over time periods of more than a month, there is little or no 
large-scale mixing across the vortex edge. 
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Figure 2.6: Longitude vs In(0) cross sections for the latitude bin 700_ 
60°S for 11 August 1991 of (a) water vapour mixing ratio (ppmv), (b) 
PV/(10 5 Km2 kg- ' s') and (c) net heating rate, J/(K day - 1 ). From Harwood 
et al. (1993). 
2.3 Dynamics of the middle atmosphere 
Before describing some of the wave motions which play an important role in trans-
ferring energy, momentum and trace constituents within the middle atmosphere 
it is appropriate to introduce two important dynamical variables that can greatly 
help in describing the dynamics of the middle atmosphere:. potential temperature 
0 and potential vorticity, PV. These are described below. 
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2.3.1 Potential temperature and vorticity 
Potential temperature 
For a dry adiabatic process, i. e. one in which no heat enters or leaves the air parcel 
and no heat is produced or absorbed within it by condensation or evaporation of 
water, then, by using the first law of thermodynamics, we can define a quantity 
known as potential temperature 0 which is conserved for that process. This is 
expressed in Poisson's equation: 
'P 
where T is the absolute temperature of the air parcel, 'y  is the ratio of specific 
heats of air (7=1.4), p  is the pressure at the position of the parcel, and p8 is a 
reference pressure level, usually taken to be 1000 hPa. 
Thus, every air parcel has a unique potential temperature, and the potential 
temperature of the parcel is conserved for dry adiabatic motion. Since synoptic-
scale motions are approximately adiabatic outside regions of active precipitation, 
potential temperature is a quasi-conserved quantity for such motions. 
We can also show that the potential temperature of a parcel is related to the 
parcel's entropy S by the equation: 
S = c,ln0 + constant 
where c is the specific heat of air at constant pressure. 
Thus, parcels that move adiabatically necessarily move along surfaces of con-
stant entropy, or isentropes. Therefore air parcels will remain on the same isen-
trope for time periods up to a week or so and this serves as a very useful approxi-
mation for flow in the middle atmosphere. Potential temperature is a monotonic 
function of height and increases with height above the surface. The typical ver-
tical distribution of potential temperature in January and July can be seen in 
Figure 2.7, where the potential temperatures have been derived from absolute 
temperatures and pressures from the UKMO assimilation scheme (see 4.2) and 
then zonally averaged. The isentropes are strongly stratified in the vertical, prin-
cipally because of gravity, but also because of the absorption of solar radiation by 
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Figure 2.7: Zonal mean distributions of potential temperature (in degrees Kelvin) 
for January and July obtained from United Kingdom Meteorological Office as-
similated temperatures and pressures (Swinbank and O'Neill, 1994a). Data have 
been averaged for the years 1992 and 1993. 
down from the winter pole to the summer pole, consistent with the observations 
of diabatic heating in the summer hemisphere and diabatic cooling at the winter 
pole. For instance, near the south pole the 600 K isentrope is 6-7 km higher in 
July than in January (Sutton, 1994a). This displacement is associated with the 
strong diabatic cooling of the high latitude stratosphere which occurs in winter. 
Motions which conserve potential temperature are thus constrained to be quasi-
horizontal, and conceptually we can bound the atmosphere in to a number of 
layers, each defined by a different potential temperature, which do not exchange 
mass with one another on short timescales. Within each layer, air motions can 
be viewed as two-dimensional. Despite the fact that the motions in different 
layers are not independent, this perspective is a significant simplification of the 
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full three-dimensional flow. 
It is important to appreciate that the conservation of potential temperature is 
only an approximation. Over longer timescales diabatic heating will cause parcels 
to move off their original isentropes. Diabatic heating and the mean circulation 
of the atmosphere are discussed later (2.4.2) but it is sufficient to note here that 
the approximation is valid for timescales of the order a week or less for all heights 
through the stratosphere. 
Potential vorticity 
Another dynamical variable that is very useful in quantifying atmospheric tracer 
transport is potential vorticity. The idea of potential vorticity was first presented 
by Rossby (1940) in a barotropic version where the atmosphere is represented as a 
homogeneous incompressible fluid, but the most accurate and general version for 
the middle atmosphere was given by Ertel (1942) who generalised to the case of a 
compressible, thermodynamically active, inviscid fluid in adiabatic flow. Ertel's 
potential vorticity, PV, may be defined as: 
pv = p_ 1 ( V9) 
where p is the density of the air, 	= 2ci + is the absolute vorticity vector, 
obtained by adding twice the Earth's angular velocity vector ci to the relative 
vorticity vector C( = V x iZ, with ?Z the air velocity relative to the Earth), V is the 
3-D gradient operator with respect to geometric position x, and 0 is the potential 
temperature. Due to the absolute vorticity vector, potential vorticity is mostly 
positive in the northern hemisphere and negative in the southern hemisphere, 
and must pass through zero near the equator for reasons of dynamical stability 
(Haynes and McIntyre, 1987). Regions in which the local PV gradient becomes 
'negative', e. g. in the vicinity of wave breaking, are highly unstable and always 
lead to irreversible deformation of the associated material contours. 
Because of the atmosphere's stable stratification, VO is usually directed nearly 
vertically, so PV is primarily a function of the component of the spin about the 
vertical. A number of alternative forms of the potential vorticity equation can be 
obtained, but they all share the property of being, in some sense, a measure of 
the ratio of the vertical component of the absolute vorticity of an air parcel to the 
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parcel's effective depth. The absolute vorticity increases when V9 is decreased 
by adiabatic vertical motion and vice versa, with the result that PV is conserved 
following adiabatic frictionless motion (Ertel's theorem). This conservation is 
a key property of potential vorticity and is a powerful constraint on the large-
scale motions of the atmosphere. Physically then, the conservation of PV may 
be considered analagous to conservation of angular momentum in solid body 
mechanics. In the absence of forcing and dissipation, and allowing for the effects 
of stretching or compression, the rotation of an element of fluid about the local 
'vertical' (defined by V9) remains constant. 
Figure 2.8 shows a number of PV fields on the 1100 K isentropic surface (r-38 km), 
derived from UKMO assimilated temperature and wind fields, which are rep-
resentative of the winter and summer stratosphere. In both hemispheres steep 
meridional gradients of PV develop around the poles during the winter, so that the 
winter flow is highly zonal with motions being heavily restricted in the meridional 
plane. The strong gradients of PV around the winter poles act to substantially 
isolate the interior of the winter vortex from the winter hemisphere mid-latitudes. 
Such dynamics play a crucial role in, for example, creating conditions favourable 
for ozone destruction. The steep meridional gradients of PV around the winter 
pole extend upwards through most of the stratosphere from the '-450 K to 1300 K 
isentropic surface ('-'28-45 km). They persist for longer around the Antarctic vor-
tex than the Arctic since the edge of the Antarctic vortex is less heavily disturbed 
by Rossby wave activity due to the flatter topography in the southern hemisphere 
as compared to the northern. In both summer hemispheres there are much weaker 
gradients of PV and the flow is much less zonal. 
2.3.2 Atmospheric wave motions 
The fact that air parcels conserve both potential temperature 0 and potential 
vorticity, PV, over short timescales places strong constraints on the movement 
of the air parcels. In effect they are confined to move along [PV, 0] tubes, where 
their motion is bound in the meridional plane by the north-south gradient of 
potential vorticity, and in the vertical by the gradient in potential temperature. 
Movement along such [PV, 9] tubes implies a highly constrained pattern of air 
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Figure 2.8: Typical distributions of potential vorticity in the mid-stratosphere 
for January and July on the 1100K isentropic surface ("-'38km) computed from 
UKMO analyses. Shown are the northern hemisphere winter (a), the northern 
hemisphere summer (b), the southern hemisphere summer (c), and the southern 
hemisphere winter (d). All the plots are on polar stereographic projections from 
the equator to the pole, with the Greenwich Meridian extending to the right 
from the centre. The continental boundaries have been omitted for clarity. Solid 
concentric lines show the equator, 30° and 60°. Units are x 10 Km 2 kg' s 1 . 
30 
Chapter 2 	 Fundamentals of the middle atmosphere 
and 0 are themselves subject to deformation. They evolve on seasonal timescales 
(for instance the PV distribution over a hemisphere is different in the winter and 
summer as shown in Figure 2.8) and also on much shorter timescales of the order 
a few days. These rapid changes are associated with wave-like disturbances which 
are responsible for transferring momentum, energy and air constituents around 
the globe. Two of the most important wave motions, buoyancy waves and Rossby, 
or planetary waves will now be discussed. 
Buoyancy waves 
In a stable atmosphere, a parcel that is displaced from its equilibrium position 
will be neutrally buoyant, i. e. will return to its original position when displaced 
in the vertical. Such motion will produce a buoyancy, or gravity wave that has a 
characteristic frequency known as the Brunt-Väisälä frequency N, defined by the 
equation: 	 _____ 
N /g89 
V 
where ôO/i9z is the vertical gradient of the potential temperature. On the synoptic 
scale 39/0z is positive because in areas where 991Dz is negative the region is 
convectively unstable and is rapidly overturned to restore a positive gradient 
of OO/ôz. As such N is always positive and hence gravity waves may always 
propagate. Typical buoyancy periods, 21r/N, work out to be four or five minutes 
in the stratosphere. Buoyancy waves are forced from the troposphere and can 
arise through a number of mechanisms, for example, flow of air over mountain 
ranges can cause air parcels to be alternately displaced upwards and downwards 
in the vertical, or convection in the troposphere can cause air to rise rapidly 
upwards to deliver a pulse to the air above. 
Buoyancy waves predominantly break in the mesosphere and consequently are 
an important mechanism for transporting energy and momentum from the tro-
posphere to the mesosphere. They are believed to be responsible for driving 
the mesospheric branch of the mean circulation, as shown schematically in Fig-
ure 2.10. Waves that are generated in the troposphere can carry energy upwards 
many scale heights into the upper atmosphere even though individual air parcel 
oscillations may be confined to vertical distances much less than a kilometre. 
31 
Chapter 2 	 Fundamentals of the middle atmosphere 
Characteristic Buoyancy waves Rossby waves 
Timescales minutes to hours days 
Basis of restoring buoyancy PV-induced horizontal 
mechanism motion 
Activated by 0-surfaces, vertically PV contours on 
undulations of  0-surfaces, horizontally 
In the prescence of a vertical gradient of 0 an isentropic gradient of PV 
Consequences of wave 1) 3D turbulence 1) layerwise-21) turbulence 
"breaking" 2) 0-surfaces deform PV contours deform 
irreversibly, instead of irreversibly along 0-surfaces, 
undulating instead of undulating 
entropy and chemicals 3) PV and chemicals mixed 
mixed vertically, and along 0-surfaces, down 
downgradient their isentropic gradients 
Table 2.2: General characteristics of buoyancy and Rossby waves. From McIntyre 
(1992). 
Propagation from troposphere to mesosphere occurs on timescales of the order of 
hours. Buoyancy waves break when their phase speed becomes equal to the local 
zonal mean zonal wind speed and upon breaking they tend to generate three-
dimensional turbulence and irreversibly deform isentropic surfaces. Entropy and 
chemical constituents are then rearranged downgradient in the vertical. Any 
buoyancy waves that reach the mesosphere break when the density becomes too 
low to support the wave. Some of the general characteristics of buoyancy waves 
are summarised in Table 2.2. 
Rossby waves 
Another important class of waves is the so called Rossby, or planetary wave. As 
their name implies these waves are on the synoptic scale, and can entirely circle 
the globe. They are the most important types of waves for large-scale meteorolog-
ical processes. In simple terms, they arise because of the conservation of absolute 
vorticity. The restoring mechanism is the potential vorticity-conserving, hori-
zontal motion which owes its existence to the isentropic gradient of PV. Rossby 
waves are usually stationary, since they are predominantly forced by topography 
in the troposphere, and always propagate westward with respect to the mean 
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zonal flow. Stationary Rossby waves can only exist in regimes where the mean 
flow is westerly, i. e. in the winter stratosphere. As shown in the theory of Char-
ney and Drazin (1961) for quasi-geostrophic motion on a mid-latitude /3 plane, 
vertical propagation of a wave with horizontal phase velocity c is possible only 
when the zonal wind velocity relative to the wave (U—c) is positive (westerly) and 
smaller than a critical value U, i. e. 0 < U - c < U, where U is a function of 
latitude, thermal structure of the atmosphere and wavenumber. Rossby waves 
can therefore exist in easterly flow provided that they propagate westwards fast 
enough, as observed by Hirota (1976) in measurements from the Nimbus-7 SCR. 
In the summer hemisphere easterlies in the stratosphere overly westerlies in 
the troposphere and so Rossby waves propagating up from the troposphere are 
attenuated when the mean zonal windspeed falls to zero at the critical level 
corresponding to the interface between the two wind regimes. It is well-known 
from linear theory that those stationary waves in the troposphere with the largest 
horizontal scales penetrate highest into the stratosphere. Consequently the winter 
flow is dominated by Rossby waves of large spatial scale associated with waves of 
wavenumber one and two, and to a lesser extent three. 
Free propagating Rossby modes are only excited rather weakly in the atmo-
sphere and it is the forced stationary Rossby modes that are of primary impor-
tance for understanding the planetary-scale circulation pattern. Such modes may 
be forced by longitudinally dependent diabatic heating patterns or by flow over 
topography. Of particular importance for the northern hemisphere extratropical 
circulation are stationary Rossby modes forced by flow over the Rocky Mountains 
and the Himalaya. 
The importance of Rossby waves in transporting material from the subtropics 
to mid-latitudes is now widely recognised and has received considerable attention 
(e.g. Chen et al., 1994b, Waugh, 1996). When Rossby waves break they tend to 
generate two-dimensional quasi-horizontal turbulence and cause the irreversible 
deformation of PV contours, with associated irreversible mixing of chemical con-
stituents. This acts to rearrange PV and chemical constituents downgradient 
along the same isentrope. Some of the general characteristics of Rossby waves 
are summarised in Table 2.2. 
Rossby wave breaking is largely confined between the subpole and the sub- 
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tropics of the winter hemisphere and this region has been likened to a gigantic 
'surf-zone' in which planetary waves are breaking most, if not all, of the time 
(McIntyre and Palmer, 1983). The resultant quasi-horizontal mixing leads to 
a broad mid-latitude band characterised by weak meridional gradients of PV 
and chemical mixing ratios. The tight PV gradient at the vortex edge coincides 
with the interface between the well-mixed surf-zone and the less well-mixed po-
lar atmosphere. Dynamical theory (McIntyre and Norton, 1990) suggests that 
in regions where PV gradients on isentropic surfaces are sufficiently strong, such 
as around the winter polar vortex, then the Rossby wave restoring mechanism 
suppresses Rossby wave breaking. Parcel displacements then take the form of re-
versible undulations and irreversible trace constituent transport is inhibited. This 
PV barrier to transport has been demonstrated in a number of numerical mod-
els, e. g. Juckes and McIntyre (1987), and is the explanation for the wintertime 
isolation of interior polar vortex air from mid-latitudes. 
2.3.3 The quasi-biennial oscillation 
The search for periodic oscillations in the atmosphere has a long history. Aside, 
however, from the externally forced diurnal and annual components and their har-
monics, no compelling evidence exists for truly periodic atmospheric oscillations. 
The phenomenon that perhaps comes closest to exhibiting periodic behaviour 
not associated with a periodic forcing function is the quasi-biennial oscillation 
(QBO) in the mean zonal winds of the equatorial stratosphere, first observed by 
Reed et al. (1961) and Veryard and Ebdon (1961). The QBO is well-illustrated 
in Figure 2.9 which shows the alternating downward-propagating westerly and 
easterly regimes. The QBO has the following observed features: 
Zonally symmetric easterly and westerly wind regimes alternate regularly 
with periods varying from about 24 to 30 months. 
Successive regimes first appear above 30 km but propagate downward at a 
rate of lkmmonth'. 
The downward propagation occurs without loss of amplitude between 30 
and 23 km, but there is rapid attenuation below 23 km. 
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Figure 2.9: The quasi-biennial oscillation in the mean zonal winds of the equa-
torial stratosphere. Shown is a time-height section of the departure of monthly 
mean zonal winds (ms- ') for each month from the long-term average for that 
month at equatorial stations. Note the alternating downward-propagating west-
erly (W) and easterly (E) phases. The section covers the years 1977-89. From 
Holton (1992). 
4. The oscillation is symmetric about the equator with a maximum amplitude 
of about 20 m s 1 and an approximately Gaussian distribution in latitude 
with a half-width of about 12°. 
It is now quite certain that the quasi-biennial oscillation is forced by waves 
propagating vertically from below. Evidence suggests that the waves consist 
primarily of a single westerly Kelvin wave during the descending westerly phase 
of the quasi-biennial oscillation and in a single easterly mixed gravity-Rossby wave 
during the descending easterly phase (Holton and Lindzen, 1972). The phase of 
the QBO is believed to have an important influence on isentropic transport of 
material out of the tropics and into mid-latitudes. For instance, a modelling study 
by O'Sullivan and Chen (1996) investigated the effect of the easterly and westerly 
wind phases of the QBO on isentropic transport on the 650 K isentropic surface 
(r25 km) using an off-line semi-Lagrangian model. Results showed that more 
tropical air is mixed out into winter mid-latitudes by Rossby wave stirring when 
the QBO phase is easterly. Observations of volcanic aerosol from the eruption of 
Mt. Pinatubo (15°N, 120°E) by Trepte and Hitchman (1992) showed the aerosol 
distribution in the altitude range 21-28 km to be controlled by the phase of the 
Q BO. In the easterly phase, aerosols are lofted over the equator, whereas in the 
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westerly phase, descent relative to the mean stratospheric circulation occurs over 
the equator. 
2.4 Tracers and atmospheric circulation 
2.4.1 Atmospheric tracers 
We can define an atmospheric tracer as any quantity that can be used to 'label' 
an air parcel and whose value is conserved approximately following the air par-
cel's motion. Tracers are either dynamical or chemical. Dynamical tracers, such 
as potential temperature and potential vorticity, are derived field variables which 
are conserved approximately under suitable conditions. Chemical tracers consist 
of minor atmospheric constituents that have significant spatial variability and in-
clude water vapour, nitrous oxide, methane, and hydrogen flouride. Observations 
of chemical tracers are invaluable in diagnosing stratospheric air motions since air 
parcels, once 'labelled' with, for example, a water vapour mixing ratio, retain the 
same water vapour mixing ratio for time periods of the order a week or more. In 
the atmosphere no chemical tracer is truly conserved, since even in the absence 
of diabatic effects and chemical sources and sinks there will always be some mix-
ing on scales smaller than the 'parcel' resolved by a given satellite measurement. 
Some chemical tracers can be used to label parcels for even longer than a week, 
for instance nitrous oxide has a chemical lifetime in the stratosphere of a month or 
more at high altitudes (Brasseur and Solomon, 1986). As a consequence, changes 
in the spatial distribution of a chemical tracer field can be attributed entirely to 
the mass movement of air parcels over the time period separating the two fields. 
The potential temperature of an air parcel is an important dynamical tracer. 
As discussed before (2.3.1), for motions that are isentropic (i.e. adiabatic) the 
fluid parcels must remain on constant potential temperature surfaces (isentropes). 
However, diabatic heating causes air parcels to move off their original isentropic 
surfaces and so the adiabatic approximation will become invalid after a while. As 
discussed by Andrews et al. (1987), since diabatic heating rates in the lower 
stratosphere are generally less than 1 Kday' many months are required for 
the descent of a fluid parcel from the 30-km level ('-'800 K) to the 15-km level 
('-'400 K), since a diabatic cooling of 400 K must occur. The rapid change of po- 
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tential temperature with height in the stratosphere, combined with the slowness 
of the heating or cooling, ensures that the vertical position of a fluid parcel can 
be followed quite accurately for several days, assuming isentropic motion. Since 
potential temperature varies primarily in the vertical in the middle atmosphere 
and is a monotonic function of height, it may be regarded as a vertical label for 
fluid parcels. For isentropic motion the problem of following fluid-parcel trajecto-
ries is reduced therefore from three spatial dimensions to that of two-dimensional 
motion on the isentropic surfaces. Isentropic coordinates are particularly useful 
in problems involving tracer transport. 
Further constraints on fluid-parcel trajectories can be imposed by utilising the 
conservation of Ertel's potential vorticity, PV. Potential vorticity tends to vary 
strongly in both the meridional and vertical directions, as shown in (2.3.1), and 
is conserved approximately for adiabatic, frictionless flow. Thus, if it is assumed 
that the motion is adiabatic and inviscid, the contours of PV on isentropes are 
material lines. That is, each contour always comprises the same fluid parcels. 
These lines are generally wavy in shape, but tend to be oriented roughly in the 
east-west direction. Again, as for potential temperature, the conservation of PV 
becomes invalid over longer timescales. In particular, PV is changed following the 
motion if there is a gradient of diabatic heating or if there is a nonconservative 
force such as friction or gravity-wave drag. In the stratosphere the timescale for 
friction appears to be comparable to that for diabatic heating, and both are of 
the order of weeks. Thus both 9 and PV are excellent tracers for motions on 
timescales of a week or so. 
2.4.2 The mean atmospheric circulation 
Over timescales longer than a week, diabatic heating causes air parcels to move 
across isentropic surfaces. The distribution of this heating is generally well-
organised on a global scale, with net heating throughout most of the summer 
hemisphere and net cooling throughout most of the winter hemisphere. Cal-
culations of three-dimensional heating rates from temperature, ozone and water 
vapour (Pawson and Harwood, 1989) show that heating rates reach their maxima 
of ­10K day- ' at a height of '-'5O km in the northern hemisphere winter, and 
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Figure 2.10: A schematic illustrating transport in the stratosphere. Shown are 
mass transport streamlines of the global-scale mean circulation for January 1979, 
estimated using satellite data. The lower pair of circulation cells is often col-
lectively referred to as the 'Brewer-Dobson' circulation. From Solomon et al. 
(1986). 
about ten days for an air parcel to descend 100 K in units of potential tempera-
ture, equivalent to '3 km. In the lower stratosphere descent rates are smaller and 
an air parcel would typically descend r'..'20 K (1 km) during the same period. 
As a result of the diabatic heating there is a slow meridional circulation of 
mass which carries air from the summer to the winter hemisphere. Solomon et 
al. (1986) calculated the mean meridional circulation for the months of Novem-
ber 1978 though to May 1979 deduced from net heating rates obtained from de-
tailed calculations based on satellite observations of temperature and radiatively 
important trace species. A typical monthly mean circulation pattern is shown 
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to as the 'Brewer-Dobson' circulation (Brewer, 1949): air enters the stratosphere 
through the tropical tropopause, some air then travels poleward within a few 
kilometres of the tropopause and re-enters the troposphere in the extratropics, 
with the transport being stronger into the winter hemisphere. In the middle and 
upper stratosphere, air ascends further in the sunlit portion and descends over 
the winter pole. The mesospheric branch of the circulation shown in Figure 2.10 
is believed to be driven primarily by the action of buoyancy waves propagating 
up from the stratosphere, as discussed in (2.3.2). 
As discussed by Andrews et al. (1987), a simplified description of the mean 
circulation may be obtained by considering the flow to comprise a zonally sym-
metric ('mean') part and a zonally asymmetric ('eddy') part. This partitioning is 
not unique since it depends on the definition of 'mean' but, in its simplest form, 
it leads to a description of transport which involves 1) advection by a merid-
ional circulation and 2) meridional dispersion by quasi-isentropic eddies. The 
latter process is often characterised as dispersive in nature and arises through the 
breaking of Rossby waves in the 'surf zone' between the subtropics and subpole 
of the winter hemisphere. This action serves to redistribute PV and chemical 
constituents along isentropic surfaces and leads to a weakening in the meridional 
gradient of PV and chemical constituents in the mid-latitudes. This large-scale, 
latitudinal eddy advective transport is an important feature of the mean circula-
tion and is well-illustrated in Figure 2.11. 
2.4.3 Transport barriers 
Breaking Rossby waves are believed to be the primary mechanism for large-scale, 
latitudinal eddy advective transport in the atmosphere. The presence of a strong 
quasi-horizontal PV gradient on an isentropic surface inhibits this transport mech-
anism and leads to a kind of sideways stratification that is key to many large-scale 
atmospheric processes. The inhibition arises because a narrow band of high PV 
gradient is associated with a powerful Rossby restoring force and as a consequence 
displays a resilience or quasi-elasticity making it resistant to the irreversible de-
formation required for wave breaking (Edmon et al., 1980). To the extent that 
Ertel's theorem holds, the band of strong PV gradient is also a material entity, 
and the result is that it tends to act as a flexible barrier to eddy advective trans- 
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Figure 2.11: A schematic meridional cross section illustrating transport in the 
stratosphere. Heavy lines with arrows show the streamlines of the diabatic cir-
culation. Dashed arrows indicate quasi-isentropic eddy transport. The mean 
tropopause is indicated by crosses and the J indicates the mean location of the 
subtropical tropospheric jet stream. Thin lines labelled with mixing ratio values 
(X) show the mean slope of a typical vertically stratified tracer. From Holton 
(1986). 
port. A sub-polar 'PV-barrier' of this nature is the principal cause of the relative 
isolation of the air within the winter polar vortices. The strong horizontal wind 
shear at the vortex edge also plays an important role in preventing the barrier 
being breached at small scales (Juckes and McIntyre, 1987). 
Observational studies of atmospheric aerosols and long-lived trace gases suggest 
that PV barriers to mass-exchange do exist in the stratosphere. One such barrier 
is at the edge of the winter polar vortex (e. g. Schoeberl et al., 1992). Modelling 
studies using analysed winds show that the PV barrier at the edge of the polar 
vortex is very effective in inhibiting the exchange of polar and mid-latitude air 
masses (e. g. Bowman, 1993a, b, Chen et al., 1994a) such that the interior of the 
Antarctic vortex appears to be isolated from the exterior of the vortex. How- 
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ever, Tuck (1989) has argued that there is significant downward vertical motion 
within the polar vortex and suggested that air from within the vortex is mixed 
continuously with high-ozone air outside the vortex by synoptic-scale waves. This 
disagreement has implications for the ozone destruction rate, since a significant 
downward transport of ozone into the vortex by the mean meridional circulation 
and mixing of ozone-depleted air into mid-latitudes would require a higher ozone 
destruction rate to produce the observed ozone depletion within the ozone hole. 
A better understanding of the quasi-horizontal mixing processes will help address 
one aspect of this problem (Chapter 6). 
Another barrier to transport is that of the subtropical barrier between the 
tropics and the subtropics. Modelling and observational studies show that the 
subtropical barrier is quite permeable (e. g. Chen et al., 1994b). Work attempt-
ing to quantify the exchange across this barrier, as shown in the MLS-measured 
water vapour field, is presented in Chapter 5. Air of tropical origin can be trans-
ported to the mid-latitudes of the winter hemisphere by large-scale waves that 
reach sufficient amplitude to break in the presence of enhanced subtropical PV 
gradients. 
A third barrier to transport has been identified by Chen et al. (1995) in the 
lower equatorial stratosphere, near the 400 K isentropic surface (—'15 km), which 
acts to inhibit transport of material from one hemisphere to another across the 
equator. 
2.4.4 The global isentropic distribution of PV 
To illustrate the PV barriers to transport discussed in (2.4.3) Figure 2.12 shows 
the global distribution of potential vorticity on the 850 K isentropic surface at 
12 Z on 8 September 1992 along with a zonal mean view. This is representative 
of the middle stratosphere being at an altitude of '--'30 km. At this time of year 
there are strong meridional gradients in the PV field at high latitudes in the 
winter stratosphere and this serves to act as a barrier to transport into and out 
of the polar vortex during the winter. The region of strong PV gradients arises 
because of the steep thermal gradient between the tropics and the polar regions. 
This causes intense geostrophic winds in high latitudes as air moves from the 
equator to the poles. 
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Figure 2.12: The PV distribution on the 850K isentropic surface at 12 Z on 
8 September 1992. In (a) the PV field is shown on a satellite projection for both 
the northern and southern hemisphere. The PV data are in units of x iO 
Km2 kg' s. In (b) a zonal mean PV distribution has been calculated (solid 
line). Superimposed (dashed line) is the departure of the local meridional PV 
gradient from the mean meridional PV gradient, scaled to fit the ordinate. Posi-
tive anomalies indicate regions of steeper than average gradient and are regions 
across which meridional transport of air along isentropic surfaces is inhibited. 
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Looking at the satellite projections in Figure 2.12(a) we can see the prominent 
region of steep meridional gradient in the PV field in the southern hemisphere 
polar region. This delineates the Antarctic vortex and acts as an effective barrier 
to transport into and out of the vortex during the austral winter. Such a barrier 
has been modelled by, for example, Juckes and McIntyre (1987) and Bowman 
(1993a). Antarctic polar vortex air is therefore substantially isolated from south-
ern hemisphere mid-latitudes during the course of the austral winter. The PV 
field has a weak meridional gradient in southern hemisphere mid-latitudes, with 
the gradient increasing around latitude 20'S. This is the southern extremity of the 
tropical-extratropical barrier described by Chen et al. (1994). Northward of this 
latitude there are weak meridional PV gradients throughout most of the northern 
hemisphere, consistent with the quiescent flow in the summer stratosphere. 
The broad features of the global PV distribution are well-illustrated in the zonal 
mean shown in Figure 2.12(b). Superimposed on Figure 2.12(b) is the function A 
which is the departure of the local meridional PV gradient, d(PV)  from the mean do 
meridional PV gradient, d(PV)  This is expressed as: do 
I A = constant X d(PV) d(PV) ) 
d - d 
where q  is the latitude and the constant is chosen so the function fits the ordinate 
in Figure 2.12(b). The function A serves to highlight more clearly the areas of 
steepest meridional PV gradient, with positive anomalies indicating regions of 
steepened gradient and therefore regions across which meridional transport of air 
along isentropic surfaces is inhibited (Juckes and McIntyre, 1987). 
As discussed by Haynes and McIntyre (1987), the zonal mean distribution of 
PV is controlled by the absorption of gravity and planetary waves, the mean 
meridional circulation and radiative processes. Inspection of Figure 2.12(b) shows 
that, as expected, there is a steady increase in PV values from the south to north 
pole, with the zero PV unit isopleth occurring very near the equator, as it must 
for reasons of dynamical stability. We can clearly see the steep gradient in the 
meridional PV distribution around latitude 55°S-65°S. This is coincident with 
the 'edge' of the polar vortex. The region between 45°S-25°S is characterised 
by a markedly low meridional PV gradient and this region of homogenous PV is 
the 'surf zone' described by McIntyre and Palmer (1983), being the well-mixed 
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region between the poleward edge of the tropics and the equatorward edge of the 
polar vortex. The presence of both the surf zone and the steep PV barrier at the 
vortex edge can be explained by the action of Rossby wave breaking: this serves 
to erode the vortex edge thereby decreasing the size of the vortex and leads to 
both a corresponding broadening of the surrounding zone of weak PV gradients 
and the persistently tight PV gradients marking the interface between the two. 
The function A in Figure 2.12(b) shows positive anomalies around 20°S and 5°N. 
These correspond to the southward and northward extremities respectively of the 
tropical-extratropical barrier. 
The tropical-extratropical barriers to the north and south of the tropical region 
are ever-present features of the stratosphere but the steepness of the meridional 
PV gradient in these regions changes with season. For instance, O'Sullivan and 
Chen (1996) reported the tropical-extratropical barrier in the winter hemisphere 
to often be steeper than in the summer hemisphere. The tropical region that 
is bounded by these two barriers is subject to an oscillation in the meridional 
direction during the course of the year (Grant et al., 1994). 
The features described above are duplicated in the stratosphere of the north-
ern hemisphere winter, although the PV barrier at the Arctic vortex edge is less 
steep and lasts for a shorter period of time than its Antarctic counterpart. This 
is for two reasons: first, the anticylonic winds around the Arctic vortex are gen-
erally weaker than around the Antarctic vortex. This is a result of the meridional 
thermal gradient between the tropics and the pole being less steep during the 
northern hemisphere winter than during the southern hemisphere winter. Sec-
ond, the PV barrier breaks down earlier in the northern hemisphere than in the 
southern hemisphere. This is due to the Arctic vortex being more disturbed 
by planetary waves and subject to more sudden midwinter warmings than the 
Antarctic vortex. These two facts mean that the Antarctic vortex is isolated for 
longer and to a greater degree than the Arctic vortex. In both hemispheres the 
polar vortex barrier exists only above the -p425 K isentropic surface ('-..15 km) 
as below this level there is substantial mixing of polar air into midlatitudes, e.g 
Bowman (1993). The most isolated region of the vortex begins a few kilome-
tres above the polar tropopause and ends at about 30 km (r-750 K) above which 
height planetary wave breaking becomes frequent (Schoeberl et al., 1992). 
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In contrast to the polar vortex PV barrier, the tropical-extratropical barrier 
is a feature of the mid- and upper stratosphere and is prominent between the 
700 K and 1250 K isentropic surfaces ("-'28-42 km) (Randel et al., 1993). Another 
barrier discussed in (2.4.3) was the quasi-impermeable barrier in the equatorial 
lower stratosphere that has been reported and investigated by Chen et al. (1995). 
This is most prominent around the 400K isentropic surface (-..'15 km). On a 
similar plot to Figure 2.12 it shows as a single prominent positive anomaly at the 
equator. Chen et al. (1995) showed that this barrier acts to effectively inhibit 
quasi-horizontal mass exchange between the northern and southern hemispheres. 
2.5 Summary 
This chapter has reviewed a number of fundamentals of the middle atmosphere, 
generally defined as that part of the atmosphere lying between r15 and 100 km. 
It started by describing the composition of the Earth's atmosphere and showed 
how the presence of the ozone layer divides the atmosphere into regions that are 
dynamically very different; the troposphere, stratosphere and mesosphere. The 
stratosphere (.-15-50 km) is stably stratified in the vertical such that vertical mo-
tions are suppressed. A historical review of water vapour in the stratosphere was 
given, including our current understanding of its spatial and temporal variation. 
Examples of the zonal mean water vapour distribution, as measured by the MLS 
experiment aboard the UARS, were then presented. 
Important aspects of the dynamics of the middle atmosphere were then re-
viewed, beginning with descriptions of the dynamical variables of potential tem-
perature and potential vorticity. Air parcels conserve both approximately over 
timescales of a week or so. The potential temperature field is strongly stratified in 
the vertical meaning that isentropic transport is quasi-horizontal. Similarly, the 
potential vorticity field is highly zonal, especially in the winter stratosphere, and 
so air parcels are largely confined to move in a zonal direction. Such constraints 
imply parcels move along [PV, 9] tubes, but the PV and 0 fields are themselves 
subject to rapid deformation due to wave motions. Two of the most important 
type of wave motions were discussed: buoyancy waves and Rossby waves. The 
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porting constituents, energy and momentum from one region of the atmosphere 
to another. 
The use of chemical tracers in aiding the study of the atmospheric circula-
tion was then emphasised and the nature of the mean circulation was described. 
There is a slow, well-organised meridional circulation which carries air upwards 
across isentropic surfaces in the summer hemisphere and downwards through the 
winter hemisphere polar vortex. The slow meridional circulation is enhanced by 
fast, quasi-isentropic mixing of air along isentropes in the meridional direction. 
This mixing is particularly associated with Rossby wave breaking between the 
tropics and the edge of the polar vortex in the mid-latitude 'surf zone'. Finally, 
attention was drawn to barriers to transport which are believed to exist in the 
stratosphere, particularly at the boundary of the cold, cyclonic polar vortex which 




Previous synoptic mapping 
techniques 
Instruments aboard orbiting satellites, such as the Microwave Limb Sounder 
(MLS) on the Upper Atmosphere Research Satellite (UARS), produce asynoptic 
sets of data since each of their measurements is made at a different time. For 
meteorological purposes it is often desirable to produce synoptic maps of a me-
teorological variable, that is, a representation of the meteorological variable at a 
specific time. In this way, the temporal evolution of the meteorological field can 
be studied. As such, this chapter is concerned with reviewing a number of differ -
ent techniques for producing synoptic maps from asynoptic data and to assessing 
their suitability for producing synoptic analyses of MLS-measured water vapour. 
This chapter is structured as follows. In section (3.1) some of the inadequacies 
with the asynoptic datasets produced by the MLS are discussed, especially with 
regard to the rather poor spatial resolution of the MLS measurements and the 
low spatial resolution that results when daily measurements are interpolated onto 
a grid. Errors that arise when the '24-hour average' of the daily data is approxi-
mated to be a synoptic view of the field are also discussed. A map can then be 
produced by interpolating linearly in space, or in a more complicated manner, 
from the daily data but this approach is correct only in the limit of slowly evolving 
fields. Four alternative but more robust methods of synoptic mapping are then 
reviewed. Broadly speaking, these may be divided in to two types: the first uses 
purely mathematical techniques, notably Fourier analysis, to produce synoptic 
maps of any meteorological variable or trace gas field with a sufficiently long and 
continuous series of measurements. The Fourier method is described in section 
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(3.2). The second type recognises the fact that measurements of conserved trace 
gases may be used to 'label' air parcels which may then be advected using a nu-
merical model from their time and position of measurement to a common instant 
in time. Meteorological analyses can provide the wind fields which determine the 
magnitude and direction of parcel motion at each timestep. A synoptic map can 
be produced by the advection of many air parcels to a common instant in time. 
Such a method is commonly referred to in the literature as 'trajectory mapping' 
and is reviewed in section (3.3). At its simplest, the trajectory mapping method 
can be applied only to conserved trace gases. Another method for producing 
synoptic analyses, known as contour advection with surgery, is described in sec-
tion (3.4). Contour advection with surgery, insofar as it has been applied in the 
literature, differs from the previous techniques as it is concerned with looking at 
the synoptic flow of a small area of a field, such as the temporal evolution of 
material contours initialised around the polar vortices, rather than the creation 
of near-global synoptic maps. Nevertheless, the contour advection with surgery 
technique is immensely informative and deserves to be reviewed. The last method 
to be examined is that of four-dimensional variational data assimilation and is 
reviewed in section (3.5). This method produces a synoptic analysis which fits 
a set of observations made over a period of time (both before and after the syn-
optic time) subject to the strong constraint that the evolution of the analysed 
quantities is governed by a deterministic model. The method of four-dimensional 
variational data assimilation can be applied to chemically active trace gases. The 
relative merits of the different techniques are discussed in section (3.6) with re-
spect to their use in producing synoptic analyses of the MLS-measured water 
vapour field. The summary in section (3.7) reviews the chapter and introduces a 
new synoptic mapping method that combines the best features of the trajectory 
mapping techniques reviewed in (3.3). This new technique is then described in 
Chapter 4 and is used for studies of atmospheric phenomena in Chapters 5 and 6. 
3.1 The inadequacies of asynoptic measurements 
A typical daily pattern of the MLS measurements is shown in Figure 31(a), 
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MLS data from level 3at file: Version 3 
Figure 3.1: Plot (a) shows the pattern of MLS measurements on 18 November 
1991 when the UARS was looking 'south'. The water vapour data (Version 3) 
have been linearly interpolated in ln(e), using MLS-measured temperatures and 
pressures, onto the 650 K isentropic surface. Plot (b) is a filled contour plot of 
the same field, obtained by linear interpolation in space (but not time) from the 
data in (a) onto a regular grid, with resolution 5° x 5°. Both map projections 
are orthographic and extend from the equator to 90°S. Latitude circles have been 
marked every 30°. 
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been linearly interpolated in ln(0) onto the 650 K isentropic surface ('-'-'25 km) and 
marked by circles of arbitrary size, coloured according to the water vapour mixing 
ratio of each measurement. Any information that we can infer from the MLS-
measured water vapour field about the state of the atmosphere at this height, 
and on this day, comes from these measurements. To produce a filled contour 
map, as in Figure 3.1(b), we need to interpolate in some manner from these data. 
The asynoptic MLS data have two main inadequacies. First, the MLS measure-
ments have relatively poor spatial resolution, particularly in the tropics. This is 
well -ilustrated in Figure 3.1(a). Consecutive MLS orbits differ by about 24° in 
longitude (.-2670 km at the equator) and so gridding the data to produce esti-
mates of synoptic fields incurs a loss of horizontal detail. As a result, contour 
plots such as in Figure 3.1(b) that have been produced by interpolating from 
daily data also have poor spatial resolution. We would expect the atmosphere 
to be much less smooth. Interpolation over large east-west distances leads to a 
distribution that is much more zonal than we would infer from meteorology and 
calculations of air-parcel trajectories. Furthermore, the east-west interpolation 
smoothes out north-south structure evident in the along-track data (Lahoz et 
al., 1994). This is particularly true in the northern hemisphere winter where the 
circulation can be highly non-zonal. 
The second inadequacy is the asynoptic nature of the measurements; an un-
avoidable problem arising from the measuring geometry of instruments on orbiting 
satellites. A simple but crude way of dealing with the problem is to treat all the 
measurements during a daily cycle as being made simultaneously, i. e. treating 
the daily data as being 'quasi-synoptic'. This is illustrated in Figure 3.1(a) where 
the data have been plotted at their position of measurement. Figure 3.1(b) has 
been produced by interpolating linearly in space from the data points in Fig-
ure 3.1(a). This method is correct only in the limit of slowly evolving fields 
since almost 24 hours separates the first and last measurement. As such, an air 
parcel at the location of the day's first measurement could have been advected 
an appreciable distance before the day's final measurement is made. A typical 
windspeed for the winter middle stratosphere is of the order 30 ms 1 and an air 
parcel advected for 24 hours at 30 ms' will be displaced by -26O0 km. In the 
polar jet windspeeds can reach 100 ms -1 and a parcel will be displaced '--'8600 km 
50 
Chapter 3 	 Previous synoptic mapping techniques 
during 24 hours. Such displacement is not shown in 'quasi-synoptic' maps such 
as Figure 3.1 where all measurements are plotted at the position they were made. 
The MLS-measured field, at a synoptic time during the day, is therefore liable to 
look different to the daily 'quasi-synoptic' view. 
Given the errors that may arise when we assume the daily MLS data to be 
'quasi-synoptic' it is therefore desirable to produce synoptic maps of MLS data, 
especially if we wish to examine regions where the flow is rapidly evolving, and 
non-zonal, such as around the winter polar vortex. A further objective is to 
increase the rather poor spatial resolution of the MLS measurements. Several 
techniques that have been reported in the recent literature for overcoming one, 
or both, of the limitations of asynoptic data are now reviewed. 
3.2 Fourier transform techniques 
This section describes a Fourier transform technique that was proposed inde-
pendently by Salby (1982a, b) and Hayashi (1983). Lait and Stanford (1988) 
subsequently applied the technique to brightness temperatures measured by the 
TIROS—N polar orbiting satellite and more recently it has been used by Elson 
and Froidevaux (1993) to produce synoptic maps of MLS data. 
The Fourier transform is most often used as a means of detecting periodic 
signals in data; a two-dimensional transform isolates the periodicities which exist 
in two independent dimensions. Space-time spectra are therefore interpreted as 
a measure of the time variation of the spatial periodicities or, conversely, as the 
spatial variation of the temporal periodicities. As a means of calculation, though, 
the method presupposes a certain relationship between the two dimensions along 
which the data are sampled. 
As noted by Elson and Froidevaux (1993), in the Fourier transform technique 
a field 'b(\, t, 0 , z) defined over longitude .A, time t, latitude q,  and log pressure 
z is expressed as a sum of its Fourier components: 
MN 
A, t) = 	> 'I'(rn, crn )exp[i(flL\ + ant)] 	 (3.1) 
in=O n=O 
where i = /T, M and N are limits to be defined, in is the longitudinal wavenum-
ber, a is the angular frequency of the satellite (in radday'), and the q  and z 
51 
Chapter 3 	 Previous synoptic mapping techniques 
dependence have been omitted for simplicity. The aim is to determine 'IJ(m,ci). 
Central to the use of the Fourier transform technique is the separation of the 
data in to ascending and descending series. This is to ensure that the ascending 
and descending series are independent of each other (Salby, 1982a). The two 
sets of data must be treated separately before being combined. This is due to 
the differences between the time and longitude of an ascending latitude cross-
ing and those of the subsequent descending crossing not being the same as the 
corresponding differences between the descending and the following ascending 
crossings. This is true for the MLS, except near the turning points of the orbits 
where the spatial and temporal separations of the series decrease to zero (Elson 
and Froidevaux, 1993). This lack of independence can affect the results by in-
troducing spurious variations within about 5° of the turning point. For synoptic 
analyses of UARS data this can lead to spurious results occurring poleward of 
75°N or 75°S. 
As noted by Salby (1982a), use of the Fourier transform technique would be 
quite simple if the A and t values of the observations were independent, i. e. if for 
each time, there were a series of observations made at many longitudes. This sam-
pling pattern is not the same as that of the UARS where it takes about 24 hours 
to progress through 360° of longitude and consequently the sampling-longitude 
(the position of the satellite) is a function of time. Salby (1982a, b) recognised 
that by rotating the A and t coordinates through an angle which depends on 
the longitudinal speed of the satellite, orthogonal independent variables may be 
defined which correspond to A and t. This rotation allows the application of the 
fast Fourier transform (FFT). A rotation back to the original coordinate system 
permits these transforms to be expressed in the traditional way, enabling the use 
of inverse transforms to represent the observed field in real (A, t) space. 
The FFT approach requires equal sampling intervals in space and time. Since 
the UARS executes a yaw manoeuvre periodically, this requirement is not satisfied 
for fixed view instruments for periods longer than a yaw period (t36 days). 
Hence, even though the equatorial regions between 34°N and 34 0S are monitored 
continually, an equally spaced time series of this region cannot be made for longer 
than 36 days. The spectral resolution, or spacing between frequencies, that can be 
represented with the FFT technique, is given by 2(7r/d) where d is the number of 
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days data in the series. Consequently, the lower limit to the frequency which can 
be resolved is about (27r/36) rad day - ' for a 36-day UARS yaw period, meaning 
that waves with a period of greater than 36 days cannot be detected. 
A potentially serious difficulty can arise due to 'aliasing', whereby values derived 
from a high-frequency harmonic component can be interpreted as due to a low-
frequency component, and vice versa, with consequent errors in the analysis of 
the data. This problem, if present, is dependent on the observing pattern and the 
signals present in the atmosphere, so it is inherent in any analysis of the data. 
One class of signals that are well-known in the atmosphere are solar tides which 
are phase locked to the Sun. Because the UARS views all longitudes twice in 
slightly less than one day, the Nyquist frequency corresponds to a period of 0.99 
days and therefore variations with a one-day period cannot be fully resolved. 
Elson and Froidevaux (1993) used the Fourier transform technique to compute 
synoptic maps of MLS-measured ozone, temperature and water vapour. Regular 
processing of the synoptic maps involved the calculation of Fourier coefficients for 
about 7.2 days (108 orbits) at all UARS pressure levels and latitude grid points. 
Maps were then produced for each of the seven days at 12 Z. Differences between 
maps produced from weekly and monthly runs were usually slight. 
As a test of their mapping technique, Elson and Froidevaux (1993) used the 
Langley General Circulation Model (Blackshear et al., 1987) to simulate the 
atmosphere. Model fields were then sampled at times and locations which corre-
sponded to those of the MLS sampling pattern. The resulting 'data' were then 
used to calculate the Fourier transforms (the '1'(m,o) in Equation 3.1). Synop-
tic maps were subsequently reconstructed at particular times and were compared 
with synoptic maps produced directly by the model. The Fourier-produced maps 
generally captured most of the features present in the model maps, although there 
were slight differences due to the lack of ascending and descending independence 
in polar regions. In general, Elson and Froidevaux (1993) concluded that the use 
of two-dimensional Fourier transforms in a rotated coordinate system provides a 
robust approach to analysing data measured by limb sounding instruments. 
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3.3 Trajectory mapping techniques 
This section will describe a method of producing synoptic maps from asynoptic 
data by advecting satellite measurements forward or backward in time from their 
time and position of measurement to a synoptic time. Such a technique is com-
monly referred to in the literature as 'trajectory mapping' and was first used by 
Pierce et al. (1994) to produce synoptic maps of methane, hydrogen fiouride, 
water vapour and ozone from the Halogen Occultation Experiment (HALOE) in-
strument aboard the UARS. They initialised clusters of trajectories at the sunrise 
and sunset HALOE measurement locations and assigned to them the mixing ratio 
of the trace species measured there. The parcels were then advected forward in 
time, using isentropic winds from the UKMO assimilation scheme (Swinbank and 
O'Neill, 1994a), to 'fill-in' the relatively sparse coverage provided by HALOE solar 
occultation measurements, and to predict fields where HALOE did not measure. 
Their studies were largely confined to the Antarctic polar vortex on the 700 K 
isentropic surface (".27 km) during the southern hemisphere spring. Comparisons 
between advected HALOE air parcels and nearby in situ HALOE measurements 
gave high correlations, even for air parcels that had been advected for ten days. 
Pierce et al. (1994) concluded that these high correlations provided support for 
using the HALOE air parcel trajectories as proxies for HALOE observations. 
As an extension of this work, Morris et al. (1995) applied a similar technique to 
Cryogenic Limb Array Etalon Spectrometer (CLAES), MLS and HALOE data. 
Measurements made before the synoptic time were advected forward to the synop-
tic time and measurements made after the synoptic time were advected backward 
to the synoptic time. Advection was performed using a simple two-dimensional 
trajectory model that combined wind fields interpolated onto isentropic surfaces 
and a fourth-order Runge-Kutta iteration scheme. A 'trajectory' map was pro-
duced by the advection of many air parcels to a common instant in time. 
Figure 3.2 shows a daily pattern of MLS footprints and a synoptic map that has 
been produced using the trajectory mapping technique of Morris et al. (1995). 
The 'trajectory' map shows the MLS-measured water vapour field at 12 Z on 
8 September 1992 on the 1100K isentropic surface ('--'38km). Data between 
12 Z on 4 September and 12 Z on 8 September have been advected forwards in 
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Figure 3.2: Plot (a) shows the locations of the MLS-measured water vapour data 
(Version 3) on 8 September 1992. Plot (b) shows the synoptic map at 12Z on 
8 September 1992 constructed using the trajectory mapping technique of Morris 
et al., (1995). To produce (b) data measured between 12Z on 4 September and 
12Z on 8 September have been advected forward to the synoptic time and data 
measured between 12 Z on 8 September and 12 Z on 12 September have been 
advected backward to the synoptic time. In both (a) and (b) the water vapour 
data have been linearly interpolated in ln(0), using MLS-rneasured temperatures 
and pressures, onto the 1100K isentrope (38km). Both map projections are 
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time from their time and position of measurement to the synoptic time. Data 
measured between 12 Z on 12 September and 12 Z on 8 September have been 
advected backwards in time to the synoptic time. The benefits of using multiple 
days worth of data to produce the 'trajectory' map are immediately apparent: 
the 'measurement-density' of the MLS-measured field has been increased roughly 
by a factor of eight, since eight days of MLS data have been used to produce 
the trajectory map, compared to the one day of data used in Figure 3.2(a). As 
a result, the tongue of dry air being extruded from the tropics (reported in the 
literature by Randel et al., 1993) shows up much more clearly in the 'trajectory' 
map than the map with the single day's measurements. 
Inevitably the 'trajectory' map in Figure 3.2(b) is not gridded and this fact is to 
be considered a disadvantage of the trajectory mapping technique as comparisons 
between maps can only be made by visual inspection. Morris et al. (1995) 
were able to produce gridded versions of their synoptic maps by interpolating in 
distance from all the air parcels onto a regular grid. However, the interpolation 
is computationally expensive and inevitably smoothes out much of the fine-scale 
detail. Such smoothing is undesirable since a major advantage of the trajectory 
mapping technique is its ability to reproduce fine-scale dynamical features, and 
to thereby produce maps with a much finer resolution than the Fourier technique 
described in (3.2). 
3.3.1 Errors associated with trajectory mapping calcula-
tions 
The accuracy of the trajectory maps described in (3.3) is substantially determined 
by the accuracy of the meteorological analyses that are used to advect the parcels. 
Morris et al. (1995) identified three other sources of error that need to be taken 
in to account when using the trajectory mapping technique. These errors are: 
computation error, species measurement uncertainties, and the assumption that 
the trajectories are isentropic. 
They concluded that the first source of error, that of numerical round-off, can 
be ignored as it is quite small for the fourth-order Runge-Kutta time integration 
scheme. The computation error was also shown to be very much smaller than the 
other two errors. 
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The uncertainty in the species measurement consists of two parts. First, the 
error in the measurement of the species by the instrument on the UARS. Such 
errors are well-documented, e. g. Reber et al. (1993), and remain constant during 
the course of advection. The second source of measurement uncertainty is the 
advection error. This will increase with the advection period as the trajectory 
model uses only the wind field to make its predictions. The wind fields will be an 
inaccurate representation of the real atmosphere and are liable to be too smooth 
on subgrid scales where winds are obtained through linear interpolation from the 
wind field grid. The trajectory model also ignores chemical reactions and mixing 
of species, although these errors are likely to be small for chemical species such 
as water vapour. 
As mentioned earlier, the advection scheme produces trajectories along an isen-
tropic surface. Such an adiabatic approximation has two main sources of error. 
First, diabatic heating should cause parcels to move off, or onto, the isentropic 
surface being studied in regions of ascent or descent. In regions where there are 
steep vertical gradients in the trace gas field, such motion implies that the data 
value associated with each parcel should not be a constant of motion. Adiabatic 
calculations, which ignore such effects, therefore become increasingly inaccurate 
with time. The second source of error that is introduced by ignoring diabatic 
effects involves parcels moving off the initial isentropic surface onto a new level 
where they encounter a differing set of winds. Winds on the new isentropic surface 
will be different both in magnitude and direction to those on the initial isentropic 
surface. When this difference becomes substantial the horizontal trajectories be-
tween the two isentropic surfaces will separate. 
As a result of the previous two errors, isentropic calculations in regions of strong 
diabatic heating will contain a substantial number of inaccurate, older parcels if 
such parcels are not removed. A quantitative study by Morris et al. (1995) looked 
at both the displacement of individual trajectories from their initial positions and 
the spatial distribution of a trace gas for advection during January 1992. In one 
case the trajectories were run using just the adiabatic advection scheme, and in 
another the adiabatic scheme was used in conjunction with a radiative heating 
model. The results showed the isentropic trajectories to be valid for about ten 
days. Information related to the large-scale features of the distribution appeared 
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to be preserved for even longer periods of time. 
Errors in the wind fields used in the advection scheme are the most important 
as they can have significant impacts on trajectory calculations. To address this 
issue Morris et al. (1995) studied the differences between trajectory maps pro-
duced using wind fields from two different sources, but covering the same time 
period. One set was of balanced winds from the National Meteorological Centre 
(NMC) and the other was of assimilated winds from the Goddard Space Flight 
Centre (GSFC). Their study found that individual trajectories could become in-
accurate over short periods of time, especially in the presence of large horizontal 
windshear. Despite such individual trajectory errors, however, large-scale struc-
tures found in the trajectory maps appeared to be preserved for large periods of 
time, e. g. individual trajectories in and around the wintertime polar vortex may 
be inaccurate but the vortex itself will be robust for long periods of time. 
Errors in the precise location of each MLS profile and of uncertainties in the 
location of gradients in the wind fields also affect the trajectories. The spatial 
resolution of each MLS profile is r.i400 km along the line of sight, '-'3-5 km in the 
vertical and -'6-10 km in the horizontal (Waters, 1989). In chaotic regions parcels 
initialised within the MLS footprint will diverge, often considerably, during the 
course of advection. 
The scale of the satellite footprints inherently limits the minimum size of ob-
servable atmospheric features since the satellite can only observe atmospheric 
features on the order of, or larger in scale than, the satellite footprint. In regions 
of small-scale features we do not necessarily expect good agreement between re-
cently made and older, advected satellite measurements. Pierce et al. (1994) 
noted that around the edge of the Antarctic vortex nearby air masses had mixing 
ratios characteristic of 'inside' and 'outside' air, thereby identifying a transition 
region which has intermediate characteristics. 
Another cause of the disagreement can be found in the trajectory technique 
itself. Since the trajectories are non-diffusive they will preserve and produce 
filamentary features for longer than may be physically warranted. Hence, dis-
agreements between new and old measurements can also be caused by model 
errors. 
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3.3.2 Uniformly gridded synoptic maps 
Sutton et al. (1994) used a trajectory mapping technique to produce high reso-
lution synoptic analyses held on a regular grid. They applied their technique to 
measurements of nitrous oxide, N 2 0, made by the Improved Stratospheric and 
Mesospheric Sounder (ISAMS) instrument aboard the UARS. 
High-resolution estimates of isentropic fields for the northern hemisphere were 
calculated as follows. For each date of interest, an ensemble of -'60,000 parcels 
was initialised on an equal-area grid between 10°S and the North Pole. The res-
olution of the grid was about 70 km. All the parcels were begun on the same 
isentropic surface, which was located using temperatures from the UKMO assim-
ilation scheme. The parcels were then advected backward in time to an earlier 
date using a simple fourth-order Runge-Kutta iteration scheme, with a timestep 
of 15 minutes, and using isentropic winds from the UKMO assimilation scheme. 
The wind fields were updated every six hours. Observations of N 2 0, valid on the 
earlier date, were interpolated to parcel locations and a mixing ratio was thereby 
assigned to each parcel. Finally, the parcels were plotted at their locations on 
the original date and coloured according to their assigned mixing ratios. By this 
procedure, the tracer field was effectively advected forwards in time, even though 
the trajectories were computed backward in time. 
The synoptic maps of the N20 field that were used to initialise the grid points 
at the end of the backward advection phase were obtained from analyses pro-
duced using a Fourier technique. Specifically, all the ISAMS observations recorded 
within a 24-hour period were interpolated onto a regular grid, with resolution 5° 
latitude by 10° longitude. The interpolation was done in both space and time us-
ing a Gaussian weighting function. The resulting fields were then Fourier filtered 
in the zonal direction with a cutoff at wavenumber 6 to prevent aliasing. 
An example of a map produced using the method of Sutton et al. (1994) is 
shown in Figure 3.3. A synoptic map of the MLS-measured water vapour field on 
the 1150 K isentropic surface (-40 km) has been produced at 12 Z on 11 January 
1992. The equal-area grid of parcels was advected back until 12 Z on 6 January, 
and the parcels had water vapour mixing ratios assigned to them by interpolating 
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MLS Water Vapour on 11 50 K sentrope: 1 2Z on 11 Jan 92 
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Figure 3.3: A synoptic map of the MLS-measured water vapour field (Version 3) 
on the 1150 K isentropic surface ('40 km), produced using the method of Sutton 
et al. (1994) with five days of advection. The data is held on an equal-area 
grid of 56,000 points corresponding to an inter-grid point spacing of -.85 km. 
The projection is orthographic and extends from the equator to 90°N, with the 
Greenwich Meridian extending from the centre to the right. 
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parcels were plotted at their original locations and coloured according to their 
assigned mixing ratios. We can see that there is some very fine structure evident 
in Figure 3.3, and despite the fact that the winds used in the advection are likely 
to be too smooth on subgrid scales, the flow is believed to be realistic. Notice 
the tongue of dry tropical air that has been extruded from the tropics into high 
northern latitudes. 
Sutton et al. (1994) found the pattern of the resulting analyses to be domi-
nated by the time-integrated effects of the wind field (i. e. advection) and rel-
atively insensitive to both the spatial and temporal details of the initial tracer 
distribution. They paid close attention to determining a realistic upper limit to 
the maximum time interval between observations and analysis times. As they 
argued, were the wind field perfect, the main factor constraining the choice of 
interval between observation and analysis time would be the assumption that 
mixing ratios are perfectly conserved along parcel trajectories. For any real con-
stituent this assumption must eventually break down, either as sources and sinks 
become important, or as mixing processes bring about scales where molecular 
diffusion can locally homogenise the constituent. The work of Prather and Jaffe 
(1990) suggests that diffusion begins to have an effect when vertical scales reach 
—100m or less. If it is assumed that the ratio of horizontal to vertical scales is 
given roughly by N/f, where N is the buoyancy frequency and f is the Coriolis 
parameter, then the relevant horizontal scale is 20 km, which is smaller than 
the grid spacing of the analysis in Figure 3.3. 
With regard to sources and sinks, the lifetime of N 2 0 is several weeks at the 
altitude corresponding to the 1150 K isentropic surface (Brasseur and Solomon, 
1986), so photochemical effects should be unimportant on the timescales being 
studied. However, a further consideration is the assumption that trajectories 
can he approximated as isentropic. Some of the analyses of Sutton et al. (1994) 
concentrated on the mid-stratosphere (1150 K) in the northern hemisphere during 
January. To validate the analyses, Level 2 ISAMS data were interpolated onto 
the same isentropic surface as the analyses and the observations along various 
orbital tracks were compared with corresponding tracks through the analyses. 
There was overall excellent agreement between the main features of the analyses 
and the along-track sections. 
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3.4 Contour advection techniques 
Contour advection with surgery (GAS) is a technique that is closely related to that 
of trajectory mapping. It is concerned with the advection of material contours, 
for instance of isopleths of potential vorticity or zonal circles, that are initialised 
at a synoptic time with particles that are then advected forward in time using 
interpolated wind fields. Provided that the material contours are represented by 
sufficient particles then very fine-scale structure can develop during the course of 
advection. Contour advection techniques are typically used to produce synoptic 
analyses of confined areas of flow, such as around the winter polar vortex, rather 
than global analyses. 
Waugh and Plumb (1994) used the contour advection with surgery technique 
to trace the evolution of a material contour in a specified evolving flow. Their 
method involved using the algorithms developed by Dritschel (1988, 1989) to con-
tinually adjust the number and placement of particles along a contour as the 
advection proceeded. The input for the GAS calculations consists of the initial 
distribution of a materially conserved quantity, such as the potential vorticity 
field, represented by N contours, and the wind field stored on a latitude-longitude 
grid by A) at time interval Lit. Each contour is represented by a series of 
material particles, and the evolution of the contour is then determined by advect-
ing each parcel by the velocity (calculated by spatial and temporal interpolation 
from the gridded wind field data) at the position of the particle. A timestep much 
smaller than At is used in the advection scheme. As the flow evolves, small-scales 
generally develop and it becomes necessary to add particles in order to maintain 
accurate resolution of the contours. This means that if a flow continually devel-
ops small-scales, the number of particles continually increases, a difficulty noted 
by Pierce and Fairlie (1993). Therefore, to keep the calculations computation-
ally manageable, a truncation, or 'surgery', of small-scales is performed. Each 
contour is represented using cubic spline interpolation between particles and the 
number and placement of the particles is determined by the length and curvature 
of the contour. Scales down to -8 km may be resolved. Accuracy of the GAS 
calculations depends on the spatial resolution (4, \) of the wind field and its 
temporal resolution (At). 
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Figure 3.4: An example of a contour advection with surgery calculation showing 
output from a 6-day CAS calculation using SKYHI data. At the start of the 
calculation the contours correspond to PV contours Q = (-1.8, -2.0, -2.2, -2.4) 
X 10-1K m2 kg' s 1 on the 450 K isentropic surface at 0300 UTC 7 June. The 
advecting wind field has spatial resolution zq x AA = 10 x 1.2° and temporal 
resolution At = 12 h. Plots are polar stereographic projections; latitudinal circles 
30° (solid) and 60° (dashed) are marked. From Waugh and Plumb (1994). 
An example of the contour advection with surgery technique is shown in Fig-
ure 3.4 where isopleths of potential vorticity have been advected by 3-h wind 
fields from 7 June for upto six days. Both the potential vorticity and the wind 
fields have been interpolated to the 450K isentropic surface (-15 km). Both the 
PV data and the wind fields are from the high-resolution GFDL 'SKYHI' General 
Circulation Model (Mahlman and Umscheid, 1987) which has horizontal resolu-
tion of 1° latitude by 1.2° longitude. Notice how fine-scale structure develops 
during the advection giving a realisation of the flow at much higher resolution 
than is possible from the model. 
63 
Chapter 3 	 Previous synoptic mapping techniques 
Waugh and Plumb (1994) concluded that the results from their CAS calcula-
tions were relatively insensitive to the spatial resolution of the advecting wind 
field (primarily because the large-scale motions in the flow dominate the defor-
mation field) and there are only small differences between calculations using wind 
fields with 10  and 5° resolution. Results were shown to be much more sensitive to 
the temporal resolution (At) of the wind fields; put simply, the more rapidly the 
material contours are evolving the higher the temporal resolution of the wind field 
required for accurate CAS calculations. In regimes of very rapid flow, such as 
around the winter polar vortex, wind fields with a temporal resolution of 6 hours 
may be required to resolve the flow accurately. More slowly evolving regions 
can be modelled with wind fields of temporal resolution 30 hours. In general 
though, Waugh and Plumb (1994) concluded that accurate CAS calculations can 
be performed using daily wind analyses. 
Waugh et al. (1994b) tested the accuracy of the CAS calculations by looking at 
the fine-scale structure in the transport of tracers in the lower stratosphere during 
the period of the two Arctic Airborne Stratospheric Expeditions (January and 
February 1989, December 1991 to March 1992). The calculations showed that 
Rossby wave breaking is an ongoing occurrence during these periods and that air 
is ejected from the polar vortex in the form of long filamentary structures. There 
was good qualitative agreement between these filaments and measurements of 
chemical tracers taken aboard the NASA ER-2 aircraft. Other studies utilising 
the contour advection with surgery technique, most notably Norton (1994) and 
Plumb et al. (1994), have confirmed the agreement between GAS calculations and 
observation. However, the major drawback is the fact that the fine-scale structure 
is generated entirely by the wind fields. As a consequence the results of the 
GAS calculations are highly sensitive to both the accuracy of the meteorological 
analyses and to the initial starting location of the material contour that is being 
advected. 
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3.5 Four-dimensional variational data assimila-
tion 
Fisher and Lary (1995) used a technique known as four-dimensional variational 
data assimilation (4D-Var) to produce synoptic analyses of chemically active trace 
gas species (although conserved trace gas species may also be used). The method 
of 4D-Var had been developed by a number of authors and a comprehensive 
bibliography for the subject has been given by Courtier et al. (1993). 
4D-Var seeks to produce a synoptic analysis which fits a set of observations 
taken over a period of time (both before and after the synoptic time), subject 
to the strong constraint that the evolution of each of the analysed quantities is 
governed by a deterministic model. By imposing the equations of the model as 
strong constraints, the analysis problem is reduced to that of determining initial 
values for the model such that the subsequent evolution minimises a measure of 
the fit of the model values to the observations. 
A photochemical 'box' model is used, i. e. the model simulates the evolution of 
chemical trace species for a number of independent air parcels whose trajectories 
are assumed to be known a priori. The analyses of dynamical and chemical vari-
ables proceed separately, thus allowing a considerable reduction in computational 
cost since it is then unnecessary to model the entire three-dimensional domain, 
or to include a dynamical model in the iterative analysis procedure. However, 
separation of the chemical and dynamical analyses prevents the use of some useful 
information. Specifically, observations of chemical species which contain informa-
tion about the wind and temperature distributions are ignored by the analysis 
scheme. 
Fisher and Lary (1995) applied their 4D-Var method to the analysis of retrievals 
of concentrations of 0 3 made by the MLS and NO 2 (Version 6) measured by the 
CLAES instrument on board the UARS satellite. Isentropic trajectories were 
calculated for 1716 parcels using a fourth-order Runge-Kutta trajectory scheme, 
adapted from that described by Fisher et al. (1993), to allow advection of parcels 
on an isentropic surface. Winds and temperatures from the UK Meteorological 
Office stratospheric analyses (Swinbank and O'Neill, 1994a) were used to perform 
the horizontal advection and to locate the 1100K isentropic surface. Analyses 
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at 12 Z on 10 January 1992 were produced on a regular polar stereographic grid 
with an approximate horizontal resolution of 370 km. Forward (from 12 Z on 
9 January) and backward trajectories (from 12 Z on 11 January) were used to 
produce the analyses. 
The photochemical model integrates six species: 0( 3P), 03 , NO, NO2 , NO3 and 
N205 , using seven bimolecular reactions, five trimolecular reactions and seven 
photolysis reactions. In this manner synoptic analyses of each of the six species 
can be produced even though the assimilation method uses direct measurements 
of only two. 
At the start of the assimilation then, only two of the six species that analyses are 
required for are known. As the trajectories procede the use of the two measured 
species, and the strong constraint imposed on the evolution of the remaining four, 
causes values to be assigned to the other four, and these values will converge 
rapidly. Once there is an arbitrary small temporal change (measured by a 'cost 
functional') in each of the species then the iteration is deemed to have converged 
sufficiently and the analysis is produced. 
3.6 Relative advantages of the different tech-
niques 
It is important to appreciate the strengths and weaknesses of the differing tech-
niques in order to make judgements as to their suitability for producing synoptic 
analyses of MLS-measured water vapour. Important factors include the amount 
of computing power required to implement the different techniques, the success 
with which the different techniques cope with missing data, and the resolution of 
the resulting synoptic maps. 
Both the Fourier and the contour advection with surgery techniques require an 
enormous amount of computational power. The Fourier calculations of Lait and 
Standford (1988) and Elson and Froidevaux (1993) needed to be performed on 
a Cray supercomputer, as too did the contour advection calculations of Waugh 
and Plumb (1994). In contrast, both trajectory mapping techniques are compu-
tationally cheap and can be performed on a workstation, as can the method of 
4-D Var. 
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Both trajectory mapping techniques and the 4-D Var method can cope easily 
with missing data, whether it be a single missing profile or whole days worth. In 
contrast the Fourier technique has problems with missing data and any gaps in 
the data record need to be filled by interpolating from other measurements before 
the Fourier transform technique can be used. 
The Fourier technique, the method of 4-D Var and the trajectory technique of 
Sutton et al. (1994) all produce gridded synoptic maps whereas the trajectory 
mapping technique of Morris et al. (1995) produces an irregular gridded map. 
Neither trajectory mapping technique apply artificial mathematical constraints 
to the data nor do they require the binning of data in any way (unlike the Fourier 
technique) and they make no assumptions about the amount of mixing occurring 
in the real atmosphere. 
The accuracy of both trajectory mapping techniques, the contour advection 
with surgery and the 4-D Var calculations is heavily sensitive to the quality of 
the meteorological data used for the advection. If the meteorological data are 
inaccurate this will lead to errors in the subsequent synoptic maps. In contrast 
the Fourier technique relies strictly on mathematical fits to the measurements 
and is independent of any meteorological information. 
The trajectory mapping techniques described in this chapter can, in their sim-
plest form, only be applied to conservative trace gas data, while the Fourier 
technique can be applied to datasets of any type, for instance temperature fields. 
The method of 4D-Var can be applied to conservative trace gas data, but its 
strength is in producing analyses of chemically active species. 
3.7 Summary 
This chapter started by looking at the inadequacies of the asynoptic MLS data, 
and in particular the low resolution of the measurements, the excessive smoothing 
at the equator that results from interpolating in distance between adjacent orbits 
and along-track data, and the extent to which a simple '24-hour average' of daily 
data can seriously misrepresent the positions of measurements, especially around 
the winter polar vortex where wind speeds are high. 
A number of methods reported in the literature for producing synoptic maps 
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of asynoptic data were then reviewed. Broadly speaking, the methods can be 
divided in to two types: the first uses purely mathematical techniques, notably 
Fourier analysis, to produce synoptic maps of any meteorological variable or trace 
gas field with a sufficiently long and continuous series of measurements. Such 
methods are computationally expensive, and produce synoptic maps of relatively 
low spatial resolution. They can however capture many of the large-scale features 
shown in the dataset, and have been shown to be a reliable method for producing 
synoptic maps of data measured by limb sounding instruments. 
The second method recognises the fact that measurements of conservative trace 
gas species may be used to 'label' air parcels which may then be advected from 
their time and position of measurement to a specific instant in time. Meteoro-
logical analyses can provide the wind fields which determine the magnitude and 
direction of parcel motion at each timestep. A synoptic map can be produced 
by the advection to a common instant in time of many air parcels. Two trajec-
tory techniques have been described. Both are computationally cheap, relatively 
straightforward to implement and can cope easily with missing data. The advan-
tages of using multiple days worth of data to produce synoptic maps have been 
amply demonstrated by Morris et al. (1995), although their method resulted in 
an irregular gridded map. The method of Sutton et al. (1994) has the advantage 
of producing a high resolution synoptic map that is regularly gridded, but which 
does not reflect the most recently measured satellite observations. It was noted 
that both trajectory mapping techniques are substantially dependent upon the 
accuracy of the meteorological analyses used to advect the parcels, and to the 
approximation that the advection is adiabatic for time periods of the order a week 
or less. 
Another technique, that of contour advection with surgery, uses wind fields to 
advect material contours, for instance isopleths of potential vorticity that are 
initialised at a synoptic time, to a further time. Contour advection with surgery 
enables the Lagrangian flow of the field to be studied in detail. The resulting 
maps are not held on a regular grid and their accuracy is highly sensitive both 
to the quality of the meteorological analyses used for the advection and to the 
initial location of the advected isopleths. Contour advection techniques are com-
putationally very demanding. 
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The last technique to be reviewed, that of four-dimensional variational data 
assimilation (4-D Var), produces an equal-area synoptic analysis of a chemically 
active species which fits a set of observations made over a period of time (both 
before and after the synoptic time) subject to the strong constraint that the 
evolution of the analysed quantities is governed by a deterministic model. The 
4-D Var method is particularly suited to chemically active species, but can be 
used for conserved trace gases. If conserved trace gases are used then the 4-D Var 
method is substantially similar to the two trajectory techniques described. 
An interesting extension of the trajectory mapping techniques is to combine 
the best features of both methods, namely to produce a regular gridded synoptic 
map (Sutton et al., 1994) and to use all the MLS data measured during the 
advection period (Morris et al., 1995). To that end, the remainder of this the-
sis is concerned with the development and subsequent use of such a technique. 
The new technique initialises an equal-area grid of parcels at the chosen synoptic 
time and these are then advected backward in time for five days. The parcels 
are then advected forwards to their original locations and have trace gas values 
assigned to them by interpolating from the MLS data measured within the five 
days. A fourth-order Runge-Kutta iteration scheme is used to advect the parcels 
and after each timestep those satellite measurements made within that timestep 
are used to interpolate trace gas constituent values to grid parcels suitably close 
to the satellite measurements. This method is repeated after each timestep and 
in this way more and more of the grid parcels are assigned constituent values as 
the synoptic time is approached. At the synoptic time the parcels are held on a 
regular grid and most of them have been assigned a constituent value. The trace 
gas values held on the grid points reflect all the satellite data measured within 
the advection period. With this scheme the evolution of the field is constrained 
by both the wind field and the actual satellite measurements and is less depen-
dent upon the accuracy of the advecting wind fields than the previous trajectory 
techniques. 
The exact method used to produce the synoptic map is explained fully in the 
next chapter and the method is shown to be both well-suited to utilising the large 
quantities of MLS data and to be computationally manageable. The technique is 
used in Chapters 5 and 6 to investigate two distinct atmospheric phenomena. 
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Chapter 4 
Trajectory mapping of MLS 
water vapour 
This chapter is concerned with describing the new trajectory mapping technique 
that produces synoptic maps from asynoptic satellite data. The technique has 
been applied to asynoptic water vapour measurements from the Microwave Limb 
Sounder (MLS) instrument aboard the Upper Atmosphere Research Satellite 
(UARS) to produce synoptic analyses of the MLS-measured water vapour field. 
The technique described here is an extension of the work of Morris et al. (1995) 
and Sutton et al. (1994) that was reviewed in the previous chapter. The new 
technique aims to use the best features of these previous techniques to produce 
high-resolution synoptic analyses, with particular regard to using all the MLS 
measurements made during the advection period, and producing analyses on a 
regular equal-area grid. 
This chapter is structured as follows. In section (4.1) the trajectory model 
is described, along with the meteorological analyses from the United Kingdom 
Meteorological Office (UKMO) that are used to advect the air parcels. The 
MLS water vapour measurements that are used to assign tracer values to the air 
parcels are also described. A description of the trajectory mapping technique is 
given in section (4.2). Section (4.3) investigates the effect of changing various 
parameters in the trajectory model: the length of advection, the search radius 
used to interpolate from the MLS measurements to the grid points, the timestep 
used in the Runge-Kutta iteration scheme, and the weighting coefficients used in 
interpolating from the MLS measurements to the grid point parcels. Section (4.4) 
looks at errors in the trajectory mapping technique, with particular attention to 
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their spatial relation to the field flow and section (4.6) demonstrates the ability 
of the technique to capture features of the flow even if a significant number of 
MLS measurements have been omitted from the assimilation. In section (4.8) the 
worth of the analyses in enhancing the MLS measurements is demonstrated and 
a summary of the chapter is given in section (4.9). 
4.1 The trajectory model 
The trajectory model consists of a simple fourth-order Runge-Kutta iteration 
scheme, described in Appendix A, which advects parcels using isentropic winds 
obtained from the UKMO assimilated dataset. The model uses wind fields that 
are updated daily at 12 Z, and wind speeds at intermediate times are calculated 
by linear interpolation in time and space. Over most of the globe the model 
employs spherical coordinates but poleward of a transition latitude (psiat) it 
switches to using polar-stereographic coordinates. This is to avoid problems with 
the coordinate singularity at the North and South Pole. 
Sutton (1994b) used a three-dimensional version of the same trajectory model 
to investigate Lagrangian flow in the middle atmosphere. He tested the sensitivity 
of the final trajectories to four different values of pslat (300,  50°, 65° and 75°) 
by advecting a sample distribution of parcels for 50 days with an artificial wind 
field. The final distributions in the parcels were then compared. Results showed 
the most accurate results to be achieved with pslat=30°, but even a value of 
pslat-65° was acceptable. The lower the value of psiat, of course, the higher 
the computational expense since more coordinate transformations need to be 
performed during the advection. As a consequence Sutton (1994b) used a value 
of pslat=65°. We have chosen to use a value of pslat=60°. 
4.1.1 UKMO wind fields 
The primary contribution of the UKMO to the UARS project has been to assim-
ilate observations of the middle atmosphere in to a global atmospheric general 
circulation model. Global meteorological analyses have been produced of the tro-
posphere and stratosphere since October 1991. The data assimilation technique 
uses a numerical model of the atmosphere to organise and summarise informa- 
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tion from a wide variety of different observations, and the numerical model is 
constrained by observations to give an accurate representation of the evolving 
state of the atmosphere. The data assimilation system originally developed for 
operational weather forecasting (Lorenc et al., 1991) has been adapted to run in 
a special stratosphere-troposphere configuration, so that data assimilation tech-
niques originally developed for the troposphere are also applied to the analysis 
of stratospheric data. Use of the data assimilation technique enables us to infer 
information about aspects of the atmospheric circulation, such as winds near the 
equator, that are not well-represented by observations (Swinbank and O'Neill, 
1994b). 
The global analyses are constructed mostly from stratospheric temperature 
soundings from the TIROS—N series of polar orbiter satellites operated by the 
National Oceanic and Atmospheric Administration (NOAA). Other important 
datasets are radiosonde soundings of temperature and winds; these are occasion-
ally available up to about 10 hPa (t-'32 km), though more typically up to around 
50 hPa (r20 km). Additional observation types include aircraft winds and tem-
peratures, satellite cloud-track winds, and surface observations of pressure. 
The model used for the assimilation is a stratosphere-troposphere configuration 
of the UKMO Unified Model (Swinbank and O'Neill, 1994a), which uses obser-
vational data to constrain the evolution of the General Circulation Model. The 
model uses a regular latitude-longitude grid with north-south resolution 2.5° and 
east-west resolution 3.75°. The spatial distribution of the model grid points in 
the horizontal plane is shown in Figure 4.1. Temperature, meridional, zonal and 
vertical winds are held on each grid point. 
Weaver et al. (1993) have shown that vertical winds are not well-resolved by 
assimilation methods as the model is perturbed away from balance whenever ob-
servational data are assimilated. This suggests that vertical winds from assimila-
tion methods should not be used for trajectory studies. Sutton et al. (1994) used 
the vertical winds from the UKMO assimilation analyses in a three-dimensional 
model and their preliminary investigations showed that using the vertical winds 
produced unrealistic tracer distributions in some cases. As a consequence we have 
chosen not to use the UKMO vertical winds in our trajectory model. However, 
this does not invalidate our isentropic advection since, to a first approximation, 
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Spatial grid points of UKMO wind fields 
Figure 4.1: The spatial distribution of the grid points in the UKMO wind fields. 
The east-west resolution is 3.75° and the north-south resolution is 2.5°. Latitude 
and longitude circles have been marked every 300. 
the magnitude of the vertical winds is always very much less than that of the 
zonal and meridional winds. Advection can therefore be performed on isentropic 
surfaces simply by interpolating the zonal and meridional winds to the chosen 
isentrope. 
The assimilation model uses a hybrid vertical coordinate, which is terrain-
following near the ground, gradually becoming isobaric higher up. Currently the 
model has 42 vertical pressure levels extending from the ground up to 0.28 hPa 
('-57 km), with a vertical spacing in the stratosphere of -'1.6 km. The three-
dimensional wind analyses are stored on a grid with the same horizontal resolu-
tion, but with a vertical resolution of -.'2.5 km extending from 1000 to 0.316 hPa 
("-'56km), with 22 levels equally spaced in log io (pressure). 
The quality of the UKMO analyses is generally reckoned to be very good, e. g. 
Chen (1994), although reliability within the tropics and in the middle and upper 
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stratosphere is hard to quantify due to the sparseness of observations there. In 
mid-latitudes the height and wind fields are well-coupled, so there is no prob-
lem. The analyses contain a very realistic quasi-biennial oscillation in the middle 
and upper stratosphere, and a semi-annual oscillation in the upper and lower 
mesosphere (Swinbank and O'Neill, 1994b), suggesting that the winds are quite 
realistic even in the upper stratosphere at low latitudes. However, we should note 
that even with assimilation procedures it is difficult to derive winds in the tropics 
and in this region the winds are heavily dependent on the model. The errors are 
also more obvious because the winds tend to be weaker at low latitudes. There 
are virtually no sonde data over the oceans, and much of the land surface is also 
devoid of wind data. Therefore, the state of the atmosphere is primarily defined 
by the temperature data and is strongly influenced by how the analysis routines 
interpret the data. 
4.1.2 MLS measurements of water vapour 
On 12 September 1991 the Upper Atmosphere Research Satellite (UARS) was 
launched and deployed in a near circular orbit at an altitude of 585 km, inclined 
at 57 degrees to the equator. A detailed description of the UARS mission is given 
by Reber et al. (1993). A schematic of the UARS and its payload of instruments 
is shown in Figure 4.2. 
The Microwave Limb Sounder (MLS) is one of ten instruments aboard the 
UARS and is described by Barath et al. (1993). It makes measurements us-
ing the technique of 'microwave limb sounding of the atmosphere', detailed by 
Waters (1989), which involves measuring atmospheric thermal emission spectra 
at millimeter and sub-millimeter wavelengths as the instrument field-of-view is 
scanned vertically downwards. 
The MLS instrument is mounted at 90 degrees to the UARS velocity vector and, 
as such, can see to 80 degrees latitude in one hemisphere and 34 degrees latitude 
in the other. It makes measurements of vertical profiles of temperature, water 
vapour, ozone (measured separately by both a 183- and a 205-GHz radiometer) 
and chlorine monoxide by scanning vertically downwards tangentially through the 
atmosphere. Each profile consists of a measurement of the temperature, water 
vapour etc. on 13 pressure levels, equally spaced in log 1o (pressure), between 100 
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Figure 4.2: A schematic showing the Upper Atmosphere Research Satellite 
(UARS) and its payload of scientific instruments. 
and 0.01 hPa (i. e. at 100, 46, 22, 10, 4.6, 2.2... 0.01 hPa) all at the same location. 
Each profile therefore covers the altitude range -46-80 km. The MLS measures 
1318 (sometimes 1319)' profiles through the atmosphere each day. 
Since the UARS is designed to have one side facing away from the Sun to keep 
several of the instruments cool, and the other side facing towards the Sun to 
provide power to the solar panel, it is yawed through 180 degrees approximately 
every 36 days. As a consequence the latitudinal coverage provided by the MLS 
changes each 'yaw-period'. In consecutive yaw-periods the MLS will either cover 
from 80°N to 34°S, and then 34°N to 80°S, or vice versa. The latitudinal coverage 
of the MLS in each of the two viewing regimes is illustrated in Figure 4.3 where 
the MLS data have been linearly interpolated in ln(9) on to the 1100 K isentrope 
('--'38 km) and marked by circles of arbitrary size, coloured according to the water 
vapour mixing ratio of each measurement. We can see that the tropical region 
from 34°N to 34°S is always covered but that measurements are only made in 
each polar region during alternate yaw-periods. There is also a much higher areal 
density of measurements in the polar regions than in low latitudes. 
profile is made every 65.536s. Therefore 1318 profiles will leave a shortfall of about 
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Figure 4.3: An illustration of the two viewing orientations of the MLS. In (a) the 
MLS is looking 'south' and makes measurements from 34°N to 80°S, whilst, in 
(b) the MLS is looking 'north' and measures from 80 1 N to 34°S. In both figures 
the MLS water vapour data have been linearly interpolated in ln(9), using MLS-
measured temperatures and pressures, on to the 1100 K isentrope (-38 km) and 
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The MLS retrieved measurements of water vapour from 19 September 1991 until 
25 April 1993 when the 183-GHz radiometer failed. The data record is almost 
complete, with only a few interruptions due to mechanical problems, notably a 
protracted instrument shut down from 2 June until 15 July 1992, caused by a 
problem with the solar array drive. 
The resolution of the MLS instrument along the line of sight is -400 km, normal 
to the line of sight in the horizontal 5-10 km and '--'5 km in the vertical (Waters, 
1989). A climatology based on the Limb Infrared Monitor of the Stratosphere 
(LIMS) data (Jones et al., 1986) is used as a priori data for the retrieval and 
the a priori error is 2 ppmv everywhere for the water vapour field. A strict 
criterion is imposed which prevents radiances being used if the atmosphere is too 
opaque at 183-GHz along the line of sight; this opacity criterion must be imposed 
because the retrieval is linear, i. e. radiances are presumed to be proportional to 
the concentration of water vapour. As a result, in the Version 3 (and latterly 
Version 4) water vapour datasets the 46 hPa pressure level ('-.i21 km) is the lowest 
level to which water vapour is retrieved using the 183-GHz radiometer. 
The MLS data have undergone a number of reprocessings. Version 3 MLS 
water vapour data were used in the trajectory mapping studies in Chapter 5, 
and Version 4 data were used in Chapter 6. Data validation of Version 3 water 
vapour measurements has been performed by Lahoz et al. (1996), and they 
concluded that the recommended pressure range for scientific studies using these 
data is, in general, from 22 to 0.2 hPa (-.27-60 km) for all latitudes, and from 46 
to 0.2 hPa (.i21-60 km) in the tropics and mid-latitudes. For scientific analyses 
the individual profiles need to be checked for the quality of the data. Similarly, 
the recommended pressure range for using the Version 3 temperature data is 
from 22 to 0.46 hPa (Fishbein et al., 1996). For Version 3 ozone (183-GHz) the 
recommended range is 46 to 0.046 hPa, and for ozone (205-GHz) the recommended 
range is 46 to 0.46 hPa, with the 205-GHz data being recommended for studies in 
the stratosphere and the 183-GHz data for studies in the mesosphere (Froidevaux 
et al., 1996). 
The estimated precision (the standard deviation of colocated measurements) 
and accuracy (the departure of the MLS measurements from the real atmospheric 
mixing ratio) of Version 3 water vapour on various pressure levels is shown in 
77 











0.22 59 3000 0.45 7 0.9 13 
0.46 54 2500 0.33 	5 0.7 	11 
1.0 48 2000 0.25 4 0.7 10 
2.2 43 1500 0.20 	3 0.6 	9 
4.6 38 1100 0.17 3 0.5 8 
10 32 800 0.13 	3 0.5 	9 
22 27 700 0.14 4 0.8 19 
46 1 	22 600 0.20 	5 1.2 	25 
Table 4.1: The estimated precision and accuracy of a single profile of MLS Ver-
sion 3 water vapour. (1) The estimated precisions are based on the observed 
variability of retrievals in the tropics. (2) The estimated accuracies are based on 
results from detailed error analysis. From Lahoz et al. (1996). 
Table 4.1. Recent results from data obtained with Version 4 of the retrieval 
code suggest that Version 4 water vapour mixing ratios, when compared to the 
Version 3 data, are 10-15% lower in the pressure range 0.46-4.6 hPa, 1-2% lower 
between 10-22 hPa, and '10% lower at 46 hPa. 
4.2 Construction of synoptic analyses of MLS 
water vapour 
This section describes the trajectory mapping technique that is used to pro-
duce equal-area gridded synoptic maps of MLS-measured water vapour, hereafter 
known as 'analyses'. The technique uses MLS water vapour measurements to 
initialise trajectories which are advected to finish on an equal-area grid. The 
technique is based on the presuppositions that 1) the water vapour used to ini-
tialise the trajectories is conserved and 2) the trajectories are adiabatic for the 
length of the advection. 
An example of an analysis produced using the trajectory mapping technique 
and Version 3 MLS water vapour is shown in Figure 4.4. The MLS water vapour 
data have been linearly interpolated in In(0) on to the 650 K isentrope (-'25 km), 
using MLS-measured temperatures and pressures. Figure 4.4 has been produced 
as follows. An equal-area grid of '-'55,000 grid point parcels is initialised at the 
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Figure 4.4: An example of a synoptic map of the Version 3 MLS-measured water 
vapour field that has been produced using the new trajectory mapping technique. 
All data between 12 Z on 13 November and 12 Z on 18 November, 1991 have been 
used to produce the analysis. The analysis is held on an equal-area grid of —55,000 
points, from 35°N to the South Pole. The projection is orthographic and extends 
from the equator to the South Pole. 
Chapter 4 	 Trajectory mapping of MLS water vapour 
synoptic time. This corresponds to an inter-grid point spacing of 85 km. If the 
advection period coincides with the MLS viewing between 80°N and 34°S then 
the equal-area grid is initialised between 90°N and 35'S. Similarly, if the MLS 
is viewing between 80°S and 34°N then the grid is initialised between 90°S and 
35°N. 
The gridded distribution of parcels is advected backwards in time for five days 
from the synoptic time until 12 Z on the end-day of the advection using isentropic 
UKMO winds, with a timestep in the Runge-Kutta iteration scheme of 30 minutes 
(see 4.3.3). At the end of the backward advection the initial gridded distribution 
will have become a scattered distribution. 
The parcels are then advected forward in time until the synoptic time is reached, 
using the same length timestep as in the backward phase. Due to the time-
reversability of the trajectories (see 4.3.2) each parcel will end up in its original 
position. During the forward phase of advection, at the end of each timestep, 
all the MLS water vapour measurements that have been made within the half-
timestep before and the half-timestep after are used to assign a water vapour value 
to those parcels within a sufficiently close distance of the MLS measurements. 
The interpolation procedure is detailed in Appendix B. A variable search radius, 
centred on each parcel, is used to pick out those MLS measurements to be used to 
interpolate a water vapour value to that parcel. In this manner, as the forward 
advection phase procedes, parcels are constantly being labelled with a water 
vapour value, and either are being given a value for the first time, or are having 
their previous value updated. If a parcel already has a water vapour value assigned 
to it, but then has a subsequent value interpolated on to it, the parcel is assigned 
the mean of the two values. The fact that the parcels are advected backwards 
in time, and then forwards to the synoptic time, is a feature of the original 
trajectory code (Sutton et al., 1994). It also makes assimilation of the MLS data 
easier during the forward phase of advection since the MLS data can be read 
sequentially. 
We may expect to assign parcels initialised poleward of 80° latitude with in-
terpolated MLS water vapour, even though the MLS does not measure in this 
region. This is because grid points in the polar regions are likely to be advected 
equatorward of 80° latitude during the course of the backward advection and 
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into the region of the MLS measurements. During the forward phase of advec-
tion they are then likely to be assigned interpolated values from some of the MLS 
measurements made in the polar regions. 
We make the approximation that those MLS measurements assimilated during 
each timestep are measured simultaneously. Clearly this is false, as the MLS 
measurements span the whole timestep, but even in the polar jet with windspeeds 
of -'100 ms 1 , then for a timestep of 30 minutes, a parcel will move only -90 km 
during a half-timestep, or 15 minutes. It is therefore valid to assume that the 
MLS measurements are colocated at the middle of the timestep. 
At the end of a five-day advection run about 90% of the parcels will have been 
assigned a water vapour value (see 4.3.4). Most of the unassigned parcels lie 
within the tropics. The 10% of unassigned parcels are given values by interpolat-
ing from their nearest neighbours. Filling in the grid point parcels in this manner 
has little effect on the overall structure seen in the analyses. 
4.3 Changing the parameters in the model 
This section is concerned with looking at the effect of changing various of the 
model parameters. Obvious parameters that we are interested in are the length 
of the advection, the timestep used in the Runge-Kutta iteration scheme, the 
search radius used to interpolate from the MLS measurements on to the grid 
point parcels and the weighting coefficients used in the interpolation procedure. 
These will now be discussed in turn. 
4.3.1 Length of advection 
We might think it sensible to advect the gridded distribution backward in time for 
as long as possible, such that during the forward phase of advection we maximise 
the number of MLS measurements used to interpolate water vapour values on to 
the grid point parcels. However, this is not sensible as we must recognise that the 
longer the advection phase then the larger the errors arising from the wind fields 
and, of course, the higher the computational expense. We need to determine 
an upper bound for the length of time that we advect the gridded distribution 
for. Two principal sources of error limiting the length of advection need to be 
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considered. 
One error which limits the length of advection is the approximation that the 
trajectories are adiabatic, since in the real atmosphere trajectories are, of course, 
diabatic. Trajectories will diverge and their water vapour values should change 
as parcels move diabatically off their initial isentrope. Both these effects are not 
accurately represented if the advection is adiabatic. To consider what might be 
a realistic upper bound for the length of advection Morris et al. (1995) per-
formed statistical correlation analysis on the distances between parcels advected 
adiabatically and those advected diabatically after being initially colocated on 
the same isentrope. Their results showed the correlation coefficient between the 
parcel positions to be greater than 0.8 for periods of advection up to ten days 
and the adiabatic approximation to be valid for individual trajectories of one to 
two weeks duration. 
Inaccuracies in the meteorological analyses and in the positional uncertainties in 
the water vapour measurements used to initialise the trajectories will also increase 
with the length of advection due to wind shear effects. This will be most apparent 
in the middle stratosphere of the northern hemisphere winter around the polar 
jet. Morris et al. (1995) investigated the effect of wind shear by initialising 576 
'megaparcels' poleward of 20° in each hemisphere. Each 'megaparcel' consisted 
of a central parcel surrounded by four additional subparcels located 20 km away 
on the points of the compass (i. e. one subparcel 20 km north, one 20 km south 
etc.). The megaparcels were then advected during January 1992 on the 800 K 
isentropic surface ('-'30 km). The largest separation between the constituents 
of each megaparcel was monitored as a function of time and a megaparcel was 
deemed to be 'compact' when all four subparcels remained within 500 km of the 
central parcel. Morris et al. (1995) found that more than half of the 'megaparcels' 
remained compact after 15-20 days and that wind shear had little effect on the 
trajectories for periods of advection a week or less. 
Movement of parcels advected diabatically in regions where there is a steep 
vertical gradient in the trace gas should cause the constituent value of that air 
parcel to change. Sutton et al. (1994) considered the effect on trajectory con-
stituent values when parcels are advected diabatically in regions of steep vertical 
gradient in the trace gas field. In regions of rapid descent, notably the polar 
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regions of the winter hemispheres, they found the change in the constituent value 
to be comparable to the trajectory's initial value after advection for the order five 
days and decided this to be the upper limit of the advection. The effect of errors 
arising from the adiabatic approximation are considered more closely in (4.4.2). 
The above considerations of the errors arising from the meteorological analyses 
and the adiabatic approximation suggest that five days is a realistic length of 
time for the advection. 
4.3.2 Time-reversability of trajectories 
An implicit assumption in the construction of the synoptic analyses is that the 
parcels arrive back at their original locations after the backward and forward 
phases of advection. In reality we would expect computation error to cause some 
of the grid points to be displaced from their original positions. To quantify the ef-
fect of the computation error an equal-area grid of -55,000 points, corresponding 
to an inter-grid point spacing of -'85 km, was initialised between 90°N and 35°S. 
The grid was advected backwards for five days, from 12 Z on 14 January 1992, 
using a timestep of 30 minutes. The gridded distribution was then advected for-
wards to the synoptic time. Advection was performed on a range of isentropic 
surfaces throughout the stratosphere. The tests were performed in mid-January 
as this roughly corresponds to the region of maximum wind shear in the northern 
hemisphere. Consequently net displacements should be near their maximum. We 
expect greater wind shear and consequently greater deformation of the distribu-
tion during the northern hemisphere winter than during the southern hemisphere 
winter, due to the increased planetary wave activity that occurs in the northern 
hemisphere winter. 
The net displacements between the original and final positions of the grid points 
were then analysed. Results are shown in Table 4.2. Results were qualitatively 
similar for the southern hemisphere winter. Similar tests by Sutton et al. (1994) 
using six-hourly winds and a timestep of 15 minutes showed that 78% of all parcels 
had net displacements of less than 100 km and that 95% had net displacements 
of less than 400 km. A test run on the 1100 K isentropic surface for mid-January, 
advecting the grid points backward and then forward for ten days from 12 Z on 
14 January showed that --92% of parcels had net displacements of less than 10 km. 
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< 10km (%) 
500 20 100.0 
750 30 99.9 
1000 37 99.7 
1200 40 99.2 
1450 42 98.4 
1700 1 	50 98.1 
Table 4.2: The percentage of parcels that return to within 10 km or less of their 
starting position after being advected backward, and then forward in time, on 
various isentropes throughout the stratosphere. Advection was performed back-
wards from 12 Z on 14 January 1992 until 12 Z on 9 January 1992, and then 
forwards until 12 Z on 14 January 1992. Also given is the approximate vertical 
height of each isentropic surface. 
The results show that the overwhelming majority of parcels return to a satis-
factory distance from their starting position. Those parcels that do not return to 
'near' their starting positions have a detectable but minor effect on the synoptic 
field. Consequently, to all intents and purposes the computation error can be 
ignored when considering errors involved with the trajectory mapping technique. 
4.3.3 Changing the timestep used in the R-K scheme 
Waugh and Plumb (1994) demonstrated that the evolution of a material contour 
is relatively insensitive to the spatial resolution of the advecting wind field and 
that there is little loss in accuracy when using wind fields with 1° resolution or 
50  resolution. As discussed earlier in (see 4.1.1) the UKMO wind fields have 
north-south resolution 2.5° and east-west resolution 3.75°. The reason that the 
evolution of a material contour is relatively insensitive to the spatial resolution of 
the advecting wind field is that it is the large-scale features of the dynamical flow 
that are primarily responsible for the evolution: small-scale structures develop 
from the large-scale structures due to the cascade of variance from large- to small-
scales. 
Similarly, Waugh and Plumb (1994) found the evolution of a material contour to 
be more strongly dependent on the temporal resolution (Lit) of the wind fields. 
Their calculations with wind fields of temporal resolution Lt=6, 12 and 24 h 
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showed that the more rapidly the flow was evolving the higher the temporal 
resolution of the wind fields needed to accurately model it, although, in general, 
they found their calculations to be reasonably accurate if daily stratospheric wind 
fields were used. 
With a gridded wind field of temporal resolution 24h it is then of interest to 
know what effect changing the timestep used in the Runge-Kutta iteration has 
on the final distribution of the parcels. It is reasonable to suppose that the final 
positions will depend on both the timestep used in each iteration of the Runge-
Kutta scheme and on the total length of the advection. By its very nature, the 
Runge-Kutta iteration scheme increases in accuracy as the timestep used de-
creases. Ideally we would therefore use a small timestep to increase the accuracy 
of the trajectories. However, the smaller the timestep in the Runge-Kutta itera-
tion, the greater the computational expense of the advection. We therefore have 
to balance the accuracy of the trajectory calculations with the computational ex-
pense of the advection. Consequently we would like to see what an upper bound 
on the timestep is that will give satisfactorily accurate trajectories. 
To address this question a global equal-area grid of r'50,000 points was used 
to initialise trajectories that were then advected forward in time for nine days 
on the 800K isentrope ('-'30km), with a range of timesteps. Trajectories were 
initialised at 12 Z on 9 January 1992 and the grid spacing of the initial trajectories 
was approximately 100 km. 
An initial advection was performed with a timestep of one minute and the 
positions of the trajectories were noted every six hours. We assume that using 
the Runge-Kutta iteration with a timestep of one minute gives the most accurate 
trajectories and this established the control positions against which the positions 
of the trajectories advected with different timesteps could be compared. 
A similar advection of the initial trajectories was then performed for a fur-
ther ten timesteps, ranging from two minutes to six hours. Every six hours the 
geometric distance, d1(k), between the kth  trajectory that had been advected 
with a timestep, t minutes, and the ktL  trajectory that had been advected with a 
timestep of one minute was calculated. A root mean square distance d was then 
determined for the trajectories: 
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Dependence of the final trajectory positions on the timestep 
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Figure 4.5: The sensitivity of the final parcel positions to advection with differ-
ent timesteps and different periods of advection. Advection was performed on 
the 800K isentrope ('-'30 km) with the trajectories being initialised at 12Z on 
9 January 1992. The annotation on the curves refers to the timestep in minutes 




where n is the total number of trajectories, and the results for the forward tra-
jectories are shown in Figure 4.5. 
Figure 4.5 shows us that for periods of advection up to five days there is little 
loss in accuracy when using any timestep between one minute and one hour. For 
instance, after three days a timestep of an hour leads to a root mean square 
separation between parcel positions of '--'5 km. Large discrepancies arise between 
the parcel positions when using timesteps of more than an hour. For periods of 
advection up to five days it is therefore reasonable to use the advection scheme 
with a timestep of 30 minutes. 
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Table 4.3: A table showing the percentage of grid point parcels that have been 
assigned a water vapour value after five days of advection and interpolating from 
the MLS measurements using a geometric search radius d. A synoptic map was 
produced on the 1100 K isentropic surface ('-..'38 km) for 12 Z on 8 September 1992 
by advecting all data between 12 Z on 3 September and 12 Z on 8 September. All 
the MLS measurements during the five days were used. 
4.3.4 Changing the search radius 
We would expect the appearance of the analyses to depend on the size of the 
search radius used to interpolate from the MLS measurements on to the grid 
points. Intuitively, given a constant length of advection (and number of good 
MLS measurements fed into the scheme), then the larger the search radius used 
to interpolate from the MLS measurements, the greater the number of grid points 
that will be assigned a water vapour value by the end of the advection period. 
To check this assumption a synoptic map was produced for 12 Z on 8 Septem-
ber 1992 on the 1100K isentropic surface ('-'.38 km), by advecting all MLS data 
between 12 Z on 3 September and 12 Z on 8 September, but using a different fixed 
search radius during each advection. The percentage of grid points in each map 
that had been assigned a water vapour value by the end of the advection was cal-
culated and the results are shown in Table 4.3. As expected, the number of grid 
points which have been 'labelled' by the end of the advection period increases as 
the search radius increases and we can see that for a geometric search radius of 
250 km over 90% of the grid point parcels have been assigned water vapour values 
by the end of the advection. Similarly, using a geometric search radius of 300 km 
for a five day advection period leads to over 96% of the grid point parcels being 
assigned a water vapour value. The vast majority of those unassigned points lie 
in the equatorial regions where, as explained earlier, the spatial coverage of the 
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Table 4.4: Example values of the search radius used in the interpolation scheme 
at different latitudes if the search radius rd = 300.cos. 
MLS instrument is very much reduced. Unassigned grid points may then be given 
water vapour values by interpolating from nearby labelled grid points. 
Variable search radius and multiple updates 
To reduce smoothing of the structure present in the synoptic maps it is desirable 
to use the smallest geometric search radius that will give a sufficient number of 
'filled' grid points. For a five day advection period there will be roughly 6,600 
MLS measurements available for assigning water vapour values to the grid points. 
As can be seen in Figure 4.6, where all the footprints of those MLS measurements 
made between 00 Z on 13 November and 00 Z on 18 November 1991 inclusive have 
been plotted out at their position of measurement, there is a much greater areal 
density of points in the polar regions than in the tropics. Hence for a geometric 
search radius that is sufficient to fill grid points in the tropics we will get excessive 
smoothing around the poles since we will be interpolating on to grid points in 
the polar regions from many more MLS measurements. Similarly, for a smaller 
geometric search radius which adequately fills grid points in the polar region, 
relatively few grid points in the tropics will be filled. Such arguments therefore 
point towards using a variable geometric search radius, with the radius having a 
maximum at the equator and being larger in the tropics than in the polar regions. 
It seems sensible therefore to choose a search radius that varies as the cosine 
of the latitude multiplied by the search radius at the equator. So, if the search 
radius at the equator is 300 km, then at 30 0 it will be 260 km etc. Some example 
values are given in Table 4.4. 
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Figure 4.6: The locations of all the measurements made by the MLS during the 
period 00  on 13 November to 00  on 18 November 1991. Data have been 
interpolated using MLS-measured temperatures and pressures on to the 650K 
isentropic surface (-25 km) and marked with circles of arbitrary size. 
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We also need to consider what to do when a grid point parcel which already 
has a water vapour value assigned to it is reassigned a value by a subsequent 
interpolation from another MLS measurement. If this occurs it seems sensible to 
assign to the grid point parcel the mean of the two values. Such 'averaging' will 
improve noise and spatial measurement uncertainties in the data. 
An example of the effect of using both a variable search radius and assigning 
a mean water vapour value to a grid point parcel whenever it has a secondary 
update, on the final appearance of an analysis, is shown in Figure 4.7. This 
shows two analyses for the same synoptic time but one has been produced using 
a fixed search radius of 300 km and marking each grid point with the last water 
vapour value to be assigned to it (Figure 4.7a). The other has been produced 
using a variable search radius, with a value at the equator of 300 km, and each 
grid point has been given the mean of all the water vapour values interpolated 
on to it during the course of the advection (Figure 4.7b). 
We can see that the analysis produced using the fixed search radius when the 
grid point parcels have their water vapour value overwritten (Figure 4.7a) has 
a much more 'angular' appearance than the one produced using the variable 
search radius with multiple updates (Figure 4.7b). We would expect the water 
vapour field to vary on much smaller scales than are shown in Figure 4.7(a). 
Both analyses show the dry tropical region and the steep meridional gradients in 
the water vapour field that separate it from northern mid-latitudes. However, the 
analysis produced with the variable search radius shows a more extensively mixed 
polar region and the water vapour field varies on much smaller spatial scales than 
is shown in the analysis produced using the fixed radius. 
4.3.5 Changing the weighting coefficients 
Consideration needs to be given to the method of interpolating water vapour 
values to the grid points from the MLS measurements. Given that the grid points 
will be non-colocated with the MLS measurements some form of interpolation 
from the measurement locations to the grid point positions is required. We need 
to consider interpolation only in the spatial dimension and not the time dimension 
from those MLS measurements which are fed in during a timestep. This is because 
we can make the approximation that the MLS measurements assimilated each 
Kc 
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MLS Water Vapour at 1100 K: 1 2Z on 17 Mar 93 
Fixed radius, 	 Variable radius, 
overwriting parcel values 	
(b) 	
mean of parcel values 
6870 
[ppmv] 
Figure 4.7: Analyses of the MLS-measured water vapour field on the 1100K 
isentropic surface ('38 km) at 12Z on 17 March 1993. Analysis (a) has been 
produced by interpolating on to the grid points using a fixed search radius of 
300 km and plotting the last water vapour value given to each parcel, and (b) has 
been produced using a variable search radius given by 300.cos km (where 0 is 
the latitude of the grid point parcel) and plotting the mean water vapour value 
of each grid point. 
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timestep are measured simultaneously. Such an approximation has been shown 
to be valid in (4.2) since even in regions of strong winds a parcel is displaced no 
more than 100 km during half-a-timestep. That said, what criteria are important 
to the interpolation? 
Clearly we need to take into account the geometric distance between the MLS 
measurement and the grid point that we are interpolating a water vapour value 
on to, and weight values so that more emphasis is placed on the water vapour 
values of MLS measurements nearer to the grid point than those further away. We 
also need to consider the error associated with each individual MLS measurement, 
and weight the interpolation to place more emphasis on those MLS measurements 
with small estimated errors, than those with large errors. That said, following 
Jackson and Harwood (1990) we use Gaussian weighting functions to interpolate 
the data and error values. Those MLS measurements which have too high an 
estimated error are not used in the interpolation. The interpolation procedure 
and weighting coefficients are detailed in Appendix B. We found that there is 
little variation in the appearance of the analyses when the weighting coefficients 
were changed, for instance using linear interpolation in distance as opposed to 
Gaussian, and that the analyses were much more dependent on the magnitude of 
the search radius used. 
4.4 Quantifying errors in the trajectory model 
As discussed in Chapter 3, trajectory calculations have a number of principal 
sources of error, aside from errors in the satellite trace gas measurements used 
to initialise the trajectories. These are due to errors in the wind fields and the 
approximation that the trajectories are adiabatic when in fact air parcels in the 
real atmosphere follow diabatic trajectories. 
4.4.1 Errors in the wind fields 
Errors in the wind fields used in the advection scheme are the most important 
as they can have significant impacts on trajectory calculations. Morris et al. 
(1995) considered the effect that different wind fields would have on trajectory 
calculations. They initialised an ensemble of --3,500 trajectories on an equal- 
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area grid, poleward of 200  latitude, and advected the grid points on the 800 K 
isentropic surface ('-'30 km) using two different sets of wind fields. One set was of 
balanced winds from the National Meteorological Centre (NMC) and the other 
was of assimilated winds from the Goddard Space Flight Centre (GSFC). Both 
sets of wind fields were used to advect the gridded distribution for the month of 
January 1992. The resulting spatial distributions were analysed using a couple of 
statistical measures. In summary, from their study, it appeared that trajectory 
maps of constituent fields remain valid for long periods of time (the order of a 
month) while the paths of individual trajectories may become highly inaccurate 
after relatively short periods of time. For instance, around the Antarctic vortex 
individual trajectories may become inaccurate after a few days but the vortex as 
a whole will be accurately represented for a much longer period of time. 
Another study using different wind fields has been that of Waugh (1996) who 
performed contour advection calculations with wind fields from the UKMO, the 
NMC and the GSFC to address the question of isentropic mass-exchange between 
the tropics and extratropics (see Chapter 5). All three wind field datasets have 
different resolution. The NMC winds are derived from NMC analysed geopoten-
tial heights using a balanced wind approximation, and have a major limitation 
in that the balanced wind approximation is not accurate near the equator. The 
UKMO and GSFC winds are both produced from data assimilation systems and 
use different models and different assimilation techniques. Waugh concluded that 
there was, in general, good agreement between the three wind fields in middle and 
high latitudes, but less good agreement in the tropics. He found good qualitative 
agreement in the occurrence of wave breaking events and the general structures in 
mid-latitudes, but poorer agreement between structures within the tropics. Also, 
he found reasonable agreement between area diagnostics (for transport out of the 
tropics) derived from calculations using the different wind fields. 
The UKMO analyses are to be preferred as their equatorial winds are thought 
to be more realistic. In particular, they show the quasi-biennial oscillation and 
semi-annual oscillation in the tropical stratosphere (Swinbank and O'Neill, 1994b) 
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4.4.2 Adiabatic vs. diabatic advection 
As discussed in Chapter 3, the approximation of adiabatic advection has two 
main sources of error. First, diabatic heating should cause parcels to move off, 
or on to, the isentropic surface being studied in regions of ascent or descent. In 
regions where there are steep vertical gradients in the water vapour field, such 
motion implies that the water vapour value associated with each parcel should 
not be a constant of motion. Adiabatic calculations, which ignore such effects, 
therefore become increasingly inaccurate with time. Second, parcels advected 
diabatically will move off their original isentropic surface and experience different 
winds. Consequently they will diverge from parcels that have been advected 
adiabatically and which remain on the same isentropic surface for the duration 
of the advection. We need to consider then how 1) the vertical gradient in the 
water vapour field may affect parcels that are advected diabatically, and 2) how 
great the spatial difference is between adiabatic and diabatic trajectories for the 
time periods of advection we are interested in. 
To address the question of how the vertical gradient in the trace gas may affect 
diabatic trajectories Morris et al. (1995), following Sutton et al. (1994), consid-
ered the flux of ozone, due to diabatic effects alone, across the 800K isentropic 
surface (t-30 km) for the periods of January and July 1992, both inside the win-
tertime polar vortex and at mid-latitudes. For the worst case (January inside 
Arctic vortex) the average ozone mixing ratio should have changed by about 30% 
solely due to diabatic descent over the 31-day period. In all cases, changes in 
the ozone mixing ratio could be limited to less than 10% for isentropic studies 
confined to periods of about a week. The worst case scenario will be for the 
polar region in the northern winter hemisphere. Here, net diabatic cooling rates 
can peak locally at --'20 K day- ' in units of potential temperature although mean 
values at high latitudes are closer to 5-10 K day- ' (Haigh, 1984). Therefore over 
several days significant diabatic descent can occur. For our study, the important 
question is whether descent could noticeably change typical isentropic distribu-
tions of water vapour over the time interval of interest. Following Sutton et al. 
(1994), for descent to be unimportant we require: 
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where < 0 > is the time mean net diabatic cooling rate, x is the mixing ratio 
of H2 0, At is the time interval between observation and analysis time and [L xJ o 
is the amplitude of typical isentropic variations in mixing ratio. Considering 
Figures 2.5 and 2.7 in Chapter 2, in high latitudes the right hand side has values 
of a few ppmv, while a generous estimate of the left-hand side is about 0.03 
ppmv day' x At. These numbers suggest that values on isentropic trajectories 
initialised from water vapour at high latitudes are relatively unaffected by vertical 
gradients in the water vapour field even for long periods of time, of the order a 
month. 
The second source of error involves parcels moving off the initial isentrope on to 
a new isentrope where they encounter a differing set of winds. Winds on the new 
isentrope will be different both in magnitude and direction to those on the initial 
isentrope. When this difference becomes substantial the horizontal trajectories 
between the two isentropes will separate. 
We need to give consideration to whether or not the adiabatic approximation 
is valid for the timescales we are considering, namely of the order five days. 
Work on addressing this issue has been reported in the literature, most notably 
by Morris et al. (1995). They looked at both the displacement of individual 
trajectories from their initial positions and the spatial distribution of a trace 
gas for advection during January 1992. They advected an ensemble of -3,500 
trajectories initialised on a uniform, equal-area grid poleward of 20° latitude on 
the 800 K isentropic surface (-'30 km). In one case the trajectories were run using 
just the adiabatic advection scheme, and in another the adiabatic scheme was 
used in conjunction with a radiative heating model. In summary, their statistical 
analyses showed the isentropic approximation to be valid for individual trajectory 
calculations of one to two weeks duration. Information related to the large-scale 
features of the distribution appeared to be preserved for even longer periods of 
time. 
Further quantitative information about diabatic heating rates can be obtained 
from atmospheric models. Pawson and Harwood (1989) calculated three-dimensional 
fields of net radiative heating rate from temperature, ozone and water vapour 
data observed by the LIMS instrument. They found maximum diabatic descent 
to occur during December in the middle stratosphere of the Arctic vortex. In 
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these regions diabatic cooling could peak at up to 30 K day' in units of potential 
temperature at altitudes of '-'-'55 km (0=rs.'2000 K). In general, diabatic cooling in 
the range 5-10 K day -1 occurred throughout the winter stratosphere. 
The above considerations therefore suggest that for time periods of the order 
a week or less an air parcel is unlikely to descend more than -'150 K in units of 
potential temperature. Divergence between trajectories on isentropes separated 
by 150 K is likely to be small for this length of advection and we can therefore 
be confident in using the adiabatic approximation for periods of advection of five 
days. 
4.4.3 Updated water vapour values, errors and correlation 
As explained previously, the trajectory mapping technique utilises all the MLS-
measured data during the advection period by interpolating water vapour values 
from the MLS measurements on to some of the grid point parcels after each 
timestep. It is therefore likely that some of the grid point parcels will have more 
than one water vapour value interpolated on to them during the course of the 
advection. In that case, it is of interest to look at how many times an individual 
grid point parcel has its water vapour value updated during the advection period, 
and also to look at how many grid point parcels have their water vapour value 
changed during each timestep. 
Diagnostics were obtained for several advection runs, all using five days of 
continuous satellite data. For periods during which there were no missing satellite 
data, and with a variable search radius (300 km at the equator), --'800 grid point 
parcels are either assigned a water vapour value for the first time, or have their 
water vapour value updated, during each half-hour timestep. The number of grid 
point parcels which are updated during each half-hour timestep will be similar for 
any five day advection period where the satellite data record is complete, since 
the number mostly depends on the spatial density of the satellite measurements. 
In total -'-190,000 water vapour values are assigned to the grid points and clearly 
with there being '-'-'55,000 grid points this means that some of the grid points are 
assigned more than one water vapour value during the course of the advection. 
Figure 4.8 shows a typical distribution in the number of times that individual 
parcels are updated during a five-day advection period. We can see that '-'8% 
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Figure 4.8: The typical distribution in the number of times that the grid point 
parcels have their water vapour values updated during the course of a five-day 
advection. 
of the parcels do not have their water vapour values changed at all, and so will 
not have been assigned a value by the end of the advection. The majority of the 
parcels have their water vapour value updated between one and five times, but 
there are a small number of parcels whose water vapour value is updated more 
than ten times. 
Since the majority of the grid point parcels have their first water vapour value 
updated, it is of interest to see how the original and updated water vapour val-
ues compare. To investigate this, two analyses were produced using a five-day 
advection run for two distinct, dynamically interesting events at differing levels 
in the stratosphere. One, at 12 Z on 18 November 1991 on the 650 K isentropic 
surface (middle stratosphere), shows a tongue-like structure being extruded from 
the well-defined Antarctic vortex (Run A) and is a precursor to the vortex fi- 
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Run  Run  
Time of synoptic analysis 12 Z on 18 Nov 91 12 Z on 17 Mar 93 
Dates of advection 13 to 18 Nov 91 12 to 17 Mar 93 
Isentropic surface (K) 650 1100 
Approximate height (km) 25 40 
Period for diagnostics OOZ to 12Z on 18 Nov OOZ to 12Z on 17 Mar 
Number of comparisons 10,633 10,481 
Correlation 0.87 0.82 
Highest difference (ppmv) 0.87 1.80 
Lowest difference (ppmv) —0.78 —1.58 
Table 4.5: The conditions for the two diagnostics runs. 
nally breaking up. The other, at 12 Z on 17 March 1993 on the 1100 K isentropic 
surface (upper stratosphere), shows a large-scale planetary wave exporting dry 
air from the tropics into northern mid-latitudes (Run B), as reported by Randel 
et al. (1993). This wave later breaks leading to irreversible mixing of tropical 
air to the background flow in the high-latitudes. The two analyses are shown in 
Figure 4.9 and the conditions for both diagnostics runs are shown in Table 4.5. 
The following test was performed for each run. During the 12 hours immedi-
ately preceding the synoptic time, whenever an assigned grid point parcel was 
updated with another water vapour value then the 'old' and 'new' values were 
checked to produce a set of 'comparison-pairs'. About 10,500 comparison-pairs 
were obtained and the results have been analysed in a number of ways. For both 
runs the correlation between the old and new values was determined. Run A 
gave a correlation of 0.87 and Run B gave a correlation of 0.82. This is to be re-
garded as strong endorsement for the technique. It is also of interest to see what 
the distribution is within the differences, i. e. are the old values always larger, 
or always smaller than the new values, and is the distribution in the differences 
approximately normal? Figure 4.10 shows histograms of the distributions in the 
differences for the two runs, together with fitted normal distributions. For both 
runs we can see that the distribution in the differences is an excellent agreement 
to a normal distribution. 
Figure 4.11 shows plots, for both runs, of the new water vapour values plotted 
against the old water vapour values. Clearly if the new and old values were the 
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Figure 4.9: The analyses of the MLS-measured water vapour field produced for 
the two diagnostics runs, one on 18 November 1991 (a) and the other on 17 March 
1993 (b). Note the different colour rules for the two plots. 
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Figure 4.10: The distribution of the differences between the old and new water 
vapour values obtained during the 12h preceding the analysis times for Run A 
and Run B. A normal distribution has been overplotted on each histogram. 
same for each comparison-pair then all points would lie along the same line. The 
fact that they do not is to be expected as there will be a certain spread due 
to measurement uncertainties in the MLS measurements, leading to a standard 
deviation in the values of approximately where err is the typical error of 
the MLS measurements used during the advection (Lahoz et al., 1996). These 
bounds have been marked on each plot and we can see that the vast majority of 
comparison pairs lie within the error bounds. 
We are also interested in the geographical location of the largest errors. For 
instance, are they confined to within polar regions, the tropics, or is there no ge-
ographical bias? Perhaps the largest differences are in the tongue-like structures 
shown in Figure 4.9? and, indeed, were this to be the case then we would have 
little confidence in such structures being real. For both runs we looked at the 
location of those grid points with the largest differences between their new and 
old water vapour value. Since the differences have been shown to have a nor -
mal distribution (Figure 4.10) we have considered only those grid points where 
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Figure 4.11: A comparison of old and new water vapour values output for the 
two diagnostic runs. The diagonal solid line shows equal values of old and new 
water vapour. Error bounds have been overplotted (dashed lines) to represent the 
accuracy of the MLS water vapour measurements at the two heights, as reported 
by Lahoz et al. (1996) 
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Run 	 Run  
Figure 4.12: The geographical location of all updated grid points with an absolute 
difference (between old and new water vapour value) greater than one standard 
deviation of the normal distribution. Compare locations to the structure shown 
in Figure 4.9. 
distribution in the differences. Their locations are shown in Figure 4.12. The 
characteristic 'satellite orbit' pattern visible in Figure 4.12 is due to the differ -
ences being clustered along the orbit track of all those MLS measurements made 
within the 12 hours preceding the synoptic time. It is apparent that for both 
runs there is little systematic occurrence in the largest differences and there is no 
obvious geographical bias. If we compare the location of the largest differences to 
the analyses in Figure 4.9 then it is encouraging to see that the largest differences 
are homogeneously distributed across the important features in these analyses, 
giving confidence that these structures are wholly real. 
4.5 The inter-relationship between features in 
the water vapour and wind fields 
The inter-relationship between the retrieved pattern of water vapour during wave 
events and the isentropic wind field are worthy of some discussion, particularly 
with regard to features shown in the water vapour analysis in Figure 4.9(b) at 
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10 Mar 93 
	
11 Mar 93 
12 Mar 93 
	
13 Mar 93 
Figure 4.13: Polar orthographic projections of the horizontal wind field on the 
1100 K isentropic surface (-38 km) at 12 Z on 10, 11, 12 and 13 March 1993. The 
wind fields have been marked by vectors indicating the horizontal component 
of the velocity vector on the isentropic surface. The tails of the wind vectors 
are plotted at the grid point to which the vectors refer. The magnitude of the 
longest vector corresponds to a speed of --'85 ms 1 around the edge of the polar 
vortex. Superimposed on each projection are isopleths of potential vorticity in-
terpolated to the 1100 K isentropic surface. The PV data are in units of x iO 
K m2 kg' The projection extends from the equator to the north pole and 
latitude circles have been marked at the equator, 30°N and 60°N. 
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14 Mar 93 
	
15 Mar 93 
16 Mar 93 
	
17 Mar 93 
Figure 4.14: As for Figure 4.13 but for 14, 15, 16 and 17 March 1993. The map 
for 17 March corresponds to the water vapour analysis shown in Figure 4.9(b). 
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wind vectors on the 1100K isentropic surface at 12Z on all days between 10-
17 March 1993. The PV distribution has been superimposed on each projection. 
Both datasets are derived from the UKMO analyses. The time-series of the PV 
field shows a tongue of tropical air being extruded into the northern hemisphere 
that reaches its maximum amplitude on 17 March. This corresponds to the water 
vapour analysis in Figure 4.9(b). The development of this feature is also seen in 
the wind fields. Inspection of Figures 4.13 and 4.14 shows that, in general, the 
wind vectors are roughly parallel to the isopleths of PV, as we would expect from 
the dynamical relationship between the two quantities. 
It is of interest to look in some detail at the features in the wind field and 
to see how they can explain the extrusion of tropical air into the mid-latitudes 
that is shown so clearly in Figure 4.9(b). At this time of year there are strong 
westerlies at high latitudes in the winter stratosphere coincident with the edge 
of the cyclonic polar vortex. This is especially prominent during 10-13 March 
when the Arctic vortex is displaced from the pole over North Russia. The strong 
circumpolar winds arise from the steep thermal gradient that exists between the 
tropics and the polar regions during the winter: air moves poleward from the 
tropics and the coriolis effect acts to produce intense geostrophic winds in the 
polar regions. The winds in the polar region are strong, reaching upto .-.-'85 ms 1 
around the polar vortex, and the region of strongest winds coincides with the 
region of steepest meridional gradient in the PV field. During the time period 
shown in Figures 4.13 and 4.14 there is an anti-cyclonic region centred over North 
America and a cyclonic region centred over Arctic Russia, east of Scandinavia. 
The latter can be identified as the Arctic vortex. 
In the mid-latitudes the winds are generally much weaker. This is well-illustrated 
in Figure 4.9(b) where the mid-latitude region demonstrates the 'surf zone' de-
scribed by McIntyre and Palmer (1983), that is the well mixed region between 
the poleward edge of the tropics and the equatorward edge of the polar vortex. 
There is also a band of strong westerly winds centered around latitude 35°N and 
this corresponds to the northern extremity of the tropical reservoir. This re-
gion of strong westerly winds serves to inhibit transport of tropical air into the 
mid-latitudes. This shows up very well in Figure 4.9(b) where there is a sharp 
contrast between the tropical and extratropical air. Windspeeds in this region 
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can be comparable to those at high latitudes. We can also see from Figures 4.13 
and 4.14 that the equatorial winds are weaker than the winds in mid- and high-
latitudes. The weak winds act to strongly inhibit cross-equator transport such 
that northern and southern hemisphere air masses are substantially isolated, e. g. 
Solomon et al. (1986). The equatorial winds are also predominantly easterly, in 
contrast to the westerly winds in the northern hemisphere. 
A description of the events that lead to the extrusion of the tropical tongue 
into the mid-latitudes is beneficial. In the analysis on 10 March the Arctic vortex 
is pronounced and displaced over Arctic Russia centred near 70°N, 90°E. The 
Aleutian High is also well developed and situated over North America near 75°N, 
90°W. During 11-13 March an anticyclonic region develops near 30°N, 135°E. 
As it develops in strength it causes a change in the flow around the tropical-
extratropical barrier near 40°N, 90°E such that the prevailing westerly winds 
become easterlies. This is visible on 13 March near 30°N, 90°E. The reversal of 
the winds in this region leads to an anticylonic region developing during 14 March. 
By 15 March this has become pronounced and is visible centred on the 4 PV unit 
isopleth near 45°N, 90°E. The effect of this anticylonic region lying just east of 
the cyclonic Arctic vortex is to force tropical air into the mid-latitude region in 
the area between them. This is visible near 60°N, 70°E on 15 March. During 
16-17 March the anticylonic region migrates north-eastwards whilst the vortex 
remains nearly stationary. This is evidenced by the tongue of air that is seen in 
the water vapour analysis on 17 March. The sequence of events described above 
is also clearly shown in analyses on the 1000 K ('-'36 km) and 850 K ('-..'25 km) 
isentropic surfaces. In general the anti-cyclonic features at low latitudes are 
displaced eastwards on lower levels with respect to their position on the 1100K 
isentropic surface. The features on the 1100K isentrope can be explained by 
disturbances propagating upwards and westwards through the stratosphere from 
lower levels. 
One feature that is immediately apparent when comparing the water vapour 
analysis in Figure 4.9(b) and the wind field on 17 March is that, in general, the 
interface between different wind regimes coincides with abrupt changes in the 
water vapour mixing ratio. This is well-illustrated by the colocation of strong 
winds and the spatial boundary of the tongue of dry air that is being extruded 
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from the tropics into the mid-latitudes. In this region there is a sharp transition 
between the dry tropical air (volume mixing ratios -'<5.6 ppmv) and the more 
moist mid-latitude air (volume mixing ratios -''6.6 ppmv). The winds flow north 
from the tropics into the polar regions over western Russia and then flow south 
across eastern Russia back into the tropics. This region of strong winds, in 
contrast to the much weaker winds characteristic of the background flow at these 
latitudes, serves to effectively isolate the tropical air from the mid-latitude air as 
the tongue of air is exported into mid-latitudes. It is only when the planetary 
wave, responsible for the transport, breaks that there is substantial mixing of 
tropical air to the background flow. 
We see that the cyclonic region shown in the wind fields over Northern Europe is 
not represented in the analysis of the water vapour field. Why is this so? There 
are two possible reasons. First, inspection of the MLS measurement locations 
during the advection period shows that there are few measurements in this re-
gion. This arises from the measurement pattern of the MLS discussed in (4.1.2). 
Consequently the grid point values in this region may not accurately reflect the 
water vapour mixing ratios there. Second, and more important, at this level in 
the stratosphere the cyclonic region shows great day-to-day variability and is a 
transient feature during the advection period. The transient nature therefore 
leads to great day-to-day variability in the characteristic water vapour mixing 
ratios in this region and so the final analysis reflects an 'average' of all the MLS 
measurements during the advection period. The presence of a few high water 
vapour measurements will necessarily be smoothed out of the analyses as a result 
of the interpolation, especially if they occur early on during the advection period. 
The cyclonic and anti-cyclonic regions have greater vertical extent in analyses of 
the PV field than in the MLS-measured water vapour field. They are strongly 
defined in the PV field upto the 1450 K isentropic surface, but only to the 1000 K 
isentropic surface in the MLS water vapour field. The cyclonic and anti-cyclonic 
regions show up better in analyses of MLS water vapour on the 650 K and 850 K 
isentropic surfaces, corresponding to altitudes of '-'25 km and 30 km respectively, 
since at these heights the vortex is nearly stationary for the period of advection. 
Indeed, although the Arctic vortex is evident in the PV analyses throughout the 
stratosphere it is only reliably shown in the water vapour field at levels below 
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about 1000K ('—'36km). 
We notice that features that are much less transitory, such as the strongly 
delineated tropical-extratropical barrier in Figure 4.9(b) and the Antarctic vortex 
in the lower stratosphere in Figure 4.9(a), are generally well represented in the 
analyses. For instance, wind field analyses corresponding to the analysis on the 
650K isentropic surface in Figure 4.9(a) show the vortex edge to be strongly 
defined and to remain largely stationary for the duration of the analysis. This 
is evident in the water vapour analysis where we can see that the vortex is very 
well represented. 
In a sense then, regions of strong windspeed serve as a demarcation between air 
masses with substantially different water vapour mixing ratios. Features in the 
wind field that are largely stationary during the course of the analyses are gen-
erally well represented in the water vapour analyses. Examples include the well 
defined Antarctic vortex in the mid-stratosphere (Figure 4.9a) and the tropical-
extratropical barrier in the upper stratosphere (Figure 4.9b). However, features 
in the wind field that are subject to temporal variability (such as the cyclonic 
region that is offset from the pole in Figure 4.9b) are generally not well repre-
sented since the water vapour measurements from these regions are 'over written' 
during the course of the advection. It is the features that are well represented in 
the analyses, such as the tropical-extratropical barrier in the upper stratosphere 
and the polar vortex in the lower stratosphere, that we are interested in studying 
in the next two chapters of the thesis. 
4.6 The effect of missing data 
As explained in Chapter 3, a strength of the trajectory mapping technique is its 
ability to cope easily with missing data. Although the MLS data record is largely 
complete, individual days often have some profiles where the estimated error is 
too high for those profiles to be used for scientific studies. Such measurements 
are not used to interpolate water vapour values on to the grid points in the 
interpolation procedure. We are interested in quantifying what effect the absence 
of data has on the quality of the final analyses. This also suggests another way 
in which the reliability of the analyses may be checked. 
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We can produce a synoptic map with a longer period of advection, say ten 
days, but withouf using the MLS data measured during the five days immediately 
preceding the synoptic time. The analysis will have therefore been produced with 
a substantial amount of missing data. We can then compare the structure in the 
analysis with the MLS data measured within an hour of the synoptic time. If the 
trajectory mapping technique can reasonably create the MLS-measured field on 
the tenth day, with no data having been added during the preceding five days, 
then we can gain confidence that the technique can produce robust analyses even 
with substantial amounts of missing data. 
In this way, an analysis at 06Z on 17 March 1993 on the 1100K isentropic 
surface ('—'38 km), was produced by advecting the synoptic grid backward until 
12Z on 7 March, and then advecting it forward to the synoptic time, but only 
assimilating MLS data that had been measured between 12Z on 7 March and 
12 Z on 12 March. As such, no MLS data were fed in to the trajectory scheme 
during the final five days of advection and during this time no grid point parcels 
had their water vapour values changed, they were simply advected back to their 
original positions. The analysis at 06 Z on 17 March therefore only showed MLS 
data measured up until 12 Z on 12 March. If we then compare a vertical slice 
through the synoptic map with the along-orbit MLS data (using only those pro-
files measured within an hour of the synoptic time), there will hopefully be good 
quantitative agreement. Such methods have been used, for instance, by Ruth et 
al. (1994) to validate the output from contour advection calculations. 
Figure 4.15 shows the analysis at 06 Z on 17 March 1993, a map projection 
showing locations of the 50 or so MLS profiles used to make the structural com-
parison, as well as the vertical slice through the atmosphere given by the profiles. 
The 1100 K isentropic surface has been marked on the vertical slice. Considering 
this surface, we can see that the tongue of dry tropical air shows up very well 
in the along-track data. Remembering then that the analysis has been produced 
without any MLS data being added during the five days preceding the synoptic 
time, the fact that such features are shown in the analyses can be taken to be a 
strong endorsement of the trajectory technique and the structure generated. 
For those MLS measurements made poleward of 15°N in Figure 4.15(b) we have 
compared the actual MLS water vapour value on the 1100K isentropic surface, 
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Figure 4.15: Plot (a) shows an analysis produced by advecting the grid backwards 
from 06Z on 17 March to 12Z on 7 March 1993. MLS data were then used to 
interpolate water vapour values until 12Z on 12 March, after which no further 
data were used. Plot (b) shows the locations of the 52 MLS profiles measured 
nearest to the time of the analysis in (a). These have been used to produce a 
vertical slice of the along-orbit data, as shown in plot (c). The 1100K isentropic 
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Figure 4.16: A comparison of actual MLS water vapour values on the 1100 K isen-
tropic surface with the mean of the water vapour values on the 10 geometrically 
closest grid points from the analysis. The diagonal solid line shows equal values 
of water vapour. Error bounds have been overplotted (dashed lines) to represent 
the accuracy of the MLS water vapour measurements at this height, as reported 
by Lahoz et al. (1996). 
with the mean of the values on the 10 geometrically closest grid points from 
the analysis. This lead to 43 'comparison-pairs' between actual MLS measure-
ments and the corresponding prediction from the trajectory mapping analysis. 
The correlation coefficient was determined to be 0.67 and the scatter-plot of the 
comparison pairs is shown in Figure 4.16. There is some scatter amongst the 
comparison-pairs, and this is to be expected as there will be a certain spread due 
to measurement uncertainties in the MLS measurements and trajectory errors. 
This leads to a standard deviation in the values of approximately /.err, where 
err is the typical error of the MLS measurements used during the advection (La-
hoz et al., 1996). These bounds have been marked on the plot and we can see 
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that the vast majority of comparison-pairs lie within the error bounds. 
4.7 A further test of the trajectory technique 
As a further test of the trajectory mapping technique we are interested in seeing 
how a vertical cross section derived from the along-track MLS data compares with 
a vertical cross section computed by interpolating from water vapour analyses 
produced by the trajectory mapping technique that span the vertical range of 
the along-track data. 
To that end synoptic analyses on stacked multiple isentropic surfaces were pro-
duced in the same manner as for the analysis in Figure 4.15(a), and corresponding 
to the same synoptic time. The analyses were produced using a backward ad-
vection period of ten days but using only MLS data measured within the first 
five days of the forward advection phase. Consequently for each analysis no MLS 
data were used that had been measured during the five days immediately preced-
ing the synoptic time. Analyses were produced on and between the 600 K and 
1600 K isentropic surfaces with an interval of 100 K in units of potential tempera-
ture. The analyses span the vertical range '-25-45 km. For each analysis in turn, 
water vapour values were interpolated to each of the MLS profile locations shown 
in Figure 4.15(b) by taking the mean water vapour value of all grid points lying 
within 100 km of the profile location. This typically involved averaging about 
four grid point values. A vertical cross section was then computed using the in-
terpolated values obtained on each of the isentropic surfaces. The resulting cross 
section is shown in Figure 4.17 along with the cross section obtained from the 
along-track data. The approximate latitudes of the MLS profile locations have 
been shown on the abscissa in Figure 4.17(a) and the corresponding profile num-
bers have been shown on the abscissa in Figure 4.17(b). The orbit track section 
corresponds exactly to that shown in Figure 4.15(b). Note that a different con-
tour interval has been used from Figure 4.15(c) so as to show more detail on the 
lower isentropic surfaces. There is a high correlation between the two datasets of 
0.95. 
We would not expect the two cross sections to be identical but we can see that 
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Figure 4.17: A comparison of a vertical cross section obtained from along-track 
data measured by the MLS (a) and that derived from interpolating onto the 
MLS profile locations from stacked isentropic analyses (b). The analyses are 
valid at 06 Z on 17 March 1993, and the profile locations are the ones shown in 
Figure 4.13(h). Analyses were produced on isentropes between 600K and 1600 K 
and spaced every 100 K in units of potential temperature. The cross section in (b) 
was made by calculating, for each analysis in turn, the mean of all water vapour 
values within 100km of each MLS profile location. The approximate latitudes 
of the MLS profile locations have been shown on the abscissa in (a) and the 
corresponding profile numbers have been shown on the abscissa in (b). 
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with the vertical structure in the along-track MLS data, with similar water vapour 
mixing ratios at the same height in both cross sections. For the vertical range 
of the along-track data in Figure 4.17(a), we note that Lahoz et al. (1995) 
determined the precision of the along-track data to be .0.13-0.2 ppmv. We can 
see that in both cross sections there is a steady increase in water vapour mixing 
ratio with height, from a minimum on the 600 K isentrope to a maximum near the 
1600 K isentrope with isopleths of low water vapour occurring at higher altitudes 
in the tropics than in mid- and high-latitudes. 
The tongue of dry air (around profile number 35) that is being extruded from 
the tropics into northern mid-latitudes (shown in Figure 4.15a) shows clearly 
in the vertical cross section from the stacked analyses, although it is somewhat 
narrower than the same feature in the along-track data cross section. This is likely 
to be due to the interpolation routine. In the along-track data the interpolation is 
between consecutive profiles which have a spatial separation of -400 km along the 
orbit track, whereas when interpolating from the analyses we use all grid points 
lying within 100 km of the MLS measurement location. The cross section derived 
from the interpolated analyses also captures the sharp transition between the 
tropical and mid-latitude air (around profile numbers 10 and 45) that is clearly 
shown in the along-track data cross section. 
As a further examination of the reliability of the features that are shown in 
the vertical cross section derived from the stacked analyses we have looked at the 
difference between the along-track data and the interpolated data. Figure 4.18 
shows the percentage difference between the along-track and interpolated water 
vapour values, shown as a vertical cross section. We can see that the largest 
differences occur coincident with the transition between the dry tropical air and 
the more moist mid-latitude air around profile numbers 10 and 45, and around 
the tongue of tropical air around profile number 35. In these regions absolute 
percentage differences can exceed 10%. The largest errors might reasonably be 
expected to occur in these regions as they are the ones in which the water vapour 
field is varying on the smallest spatial scales. In general though, inspection of 
Figure 4.18 shows that the vast majority of the vertical cross section measure-
ments agree to within the precision of the MLS water vapour measurements at 
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Figure 4.18: The percentage difference between the along-track and interpolated 
water vapour for the vertical cross sections shown in Figure 4.1. 
Overall then, the multiple stacked analyses have captured the main features 
shown in the along-track data cross section at all heights and profile locations. 
There is a high correlation between the two datasets. The strong similarity be-
tween the two cross sections gives confidence that the trajectory mapping tech-
nique can produce realistic patterns of flow at all heights in the stratosphere, even 
when there are substantial amounts of missing MLS data present. 
4.8 The benefit of the trajectory maps 
It is important to look at whether or not an analysis made using five days of MLS 
data increases the information available to us from the standard '24-h average' 
MLS dataset. Figure 4.19 shows the locations of the MLS water vapour mea-
surements on the 650K isentropic surface (-25 km) on 18 November 1991. Also 
shown is a '24-h average' map derived by simple interpolation (in distance only) 
froni the MLS measurements, and a synoptic view of the field at 12 Z which has 
been produced by the synoptic mapping technique. The synoptic analysis has 
been produced using all MLS data measured between 12 Z on 13 November and 
12 Z on 18 November. 
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Figure 4.19: In (a) the locations of the MLS water vapour measurements on 
18 November 1991 have been plotted and these have been used to produce the 
contour plot in (h). In (c) the same field, but at 12Z on 18 November 1991, is 
shown. The analysis in (c) has been constructed using all the MLS-measured wa-
ter vapour between 12Z on 13 November and 12Z on 18 November. The analysis 
consists of data held on an equal-area grid of .-55,000 points, corresponding to a 
geometric grid spacing of -.85 km. In all cases the MLS data have been linearly 
interpolated on to the 650K isentropic surface (.d25 km) using MLS-measured 
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Two features are immediately apparent. First, the synoptic map shows much 
finer resolution than the '24-h average' contoured map and it is apparent that 
there is much more fine-scale structure within the vortex than is shown in the 
'24-h average' map. This is in good agreement with studies by, e. g. Schoeberl et 
al. (1992) who highlighted mixing within the inner vortex. Second, we can see 
the greater areal coverage that results from the synoptic mapping technique since 
we can fill regions poleward of 80'N. Aspects of the flow show up more clearly in 
the synoptic analysis than in the '24-h average' contoured map. For instance, the 
tongue of moist polar air being extruded from the polar vortex shows up clearly 
in the synoptic map but rather poorly in the '24-h average' contoured map. The 
synoptic analysis also shows clearly that the polar vortex is only just splitting in 
two, whereas in the '24-h average' map the vortex is shown to be clearly split. 
4.9 Summary 
This chapter has given a description of the method by which synoptic maps 
(analyses) of MLS-measured water vapour are constructed. The trajectory model, 
the MLS water vapour data and the UKMO wind fields that are used to produce 
the analyses have all been described. 
The effect of changing various of the model parameters has been considered. 
Five days has been chosen as a satisfactory upper bound on the period of ad-
vection as this leads to over 96% of the grid point parcels being assigned water 
vapour values, and it has been shown that 30 minutes is a satisfactory timestep 
to use in the integration of the advection equations. It has been shown that 
using a variable search radius and taking the mean of interpolated water vapour 
values leads to more realistic analyses than when using a fixed search radius and 
overwriting the water vapour values held on each grid point. 
A characterisation has been made of the errors involved with the synoptic map-
ping procedure and an attempt has been made to quantify these errors. Previous 
results reported in the literature suggest that the large-scale features of flow are 
robust for periods of advection of a week or less. Computation error has been 
determined to have negligible effect on the final positions of parcels when advec-
tion is performed for a five day period. The approximation of using isentropic, 
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adiabatic advection to compute trajectories, as opposed to the diabatic trajec-
tories air parcels would follow in the real atmosphere, has been discussed and 
determined to be reasonable for advection up to five days. Analysis of old and 
updated water vapour values during the last 12 hours of a five day advection sug-
gest that typical differences are commensurate with the measurement uncertainty 
of the MLS. Importantly there is no geographical bias in the occurrence of large 
differences. 
The trajectory mapping technique copes easily with missing data and can ac-
curately reproduce features in the water vapour field even when large amounts 
of MLS data are missing. The use of multiple days worth of MLS data, in con-
junction with trajectories computed using isentropic advection, has been shown 
to greatly increase the information to us, as compared to a '24 h-average' of MLS 
data. Moreover, the evolution of the water vapour field is constrained by both the 
wind fields and the actual MLS water vapour measurements. The field is there-
fore less dependent upon the accuracy of the meteorological analyses than the 
trajectory mapping techniques of Sutton et al. (1994) and Morris et al. (1995). 
The following two chapters use time-series of analyses to look at various at-
mospheric phenomena: the quantification of irreversible isentropic transport of 
tropical air into northern and southern hemisphere mid-latitudes during 1992 
(Chapter 5) and the evolution of water vapour within the core of the Arctic vor-
tex during the northern hemisphere winters of 1991-92 and 1992-93 (Chapter 6). 
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Identifying barriers to transport in the stratosphere is important to help our 
understanding of the transport and distribution of long-lived atmospheric trace 
constituents such as water vapour, and stratospheric aerosols. Such informa-
tion is crucial, for example, in modelling the chemistry of the ozone layer and 
for calculating the radiative budget of the middle atmosphere. As discussed in 
Chapter 2, one of the transport barriers that has received much recent study 
is the quasi-impermeable barrier 'separating' the tropics from the extratropics. 
Containment of air within the tropics leads to a tropical stratospheric reservoir 
which has an air mass completely different in character to that of mid-latitude 
regions (e. g. Grant et al., 1996). This reservoir sporadically releases material 
to the mid-latitudes in synoptic events that locally disturb the normal barrier to 
transport. Evidence for this barrier to tropical-extratropical transport has been 
shown in numerical models of the tropics. Models have also been used to investi-
gate the nature of tropical-extratropical transport. Similar questions have been 
less extensively addressed via the analysis of satellite tracer observations. The 
global observations of passive tracers, such as water vapour and nitrous oxide, by 
instruments aboard the UARS have provided datasets well-suited to the study of 
tropical-extratropical exchange. 
This chapter is concerned with using analyses produced by the synoptic map-
ping technique described in Chapter 4 to attempt to quantify the seasonal trans- 
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port of tracers across the tropical-extratropical barrier, particularly with regard 
to the MLS-measured water vapour field. The chapter is structured as follows. 
Section (5.1) outlines our current understanding of the mechanisms by which irre-
versible transport from the tropics into the extratropics takes place. Section (5.2) 
reviews some recent work in this area, notably the modelling studies of Rood et 
al. (1992), Chen et al. (1994b) and Waugh (1996), as well as observations of 
episodes of irreversible tropical-extratropical exchange shown in satellite data, 
e. g. Randel et al. (1993) and Trepte et al. (1993). Section (5.3) presents some 
examples of isentropic tropical-extratropical exchange shown in synoptic analy-
ses of MLS-measured water vapour produced using the technique described in 
Chapter 4. Section (5.4) considers how the water vapour analyses may be used 
to extend the results reported in the literature, particularly with regard to quan-
tifying how much tropical air is exchanged across the subtropical barrier on an 
annual timescale. Results obtained from analyses covering the duration of the 
MLS water vapour measurements from early-October 1991 to late-April 1993 are 
presented in section (5.5). Section (5.6) corroborates some of the episodes of 
tropical-extratropical exchange shown in MLS water vapour data with measure-
ments of nitrous oxide made by the Cryogenic and Limb Array Etalon Spectrom-
eter (CLAES) instrument on UARS. In section (5.7), the effect of the exchange of 
dry tropical air into mid-latitudes on the mean water vapour budget in the mid-
latitude regions is examined and section (5.8) examines the vertical structure of 
selected wave breaking events. A summary of the chapter is given in section (5.9). 
5.1 Mechanisms for tropical-extratropical exchange 
As explained in Chapter 2, we can think of the pattern of flow in the stratosphere 
as being almost two-dimensional on timescales of the order a few days. Flow 
is along quasi-horizontal isentropic surfaces and motion is bound in the merid-
ional plane by gradients of potential vorticity. This concept of the flow being 
along [PV, 01 tubes on timescales of the order a few days implies a highly or-
dered pattern of flow. However, we have seen how non-linear wave motions can 
irreversibly mix tracers from one region of the atmosphere into another region. 
Irreversible exchange of air from the tropics into mid-latitudes is believed to occur 
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via breaking Rossby, or planetary waves. 
According to linear wave theory, planetary waves propagate up from the tro-
posphere into the stratosphere only when there are westerly winds in mid- and 
high-latitudes (Charney and Drazin, 1961). The planetary waves then propa-
gate meridionally and 'break' in regions where they encounter weak zonal winds. 
Hence, planetary wave breaking, and strong transport out of the tropics, occurs 
when there are westerlies at, and below, the altitude at which exchange takes 
place. When there are easterlies, Rossby waves cannot propagate up from the 
tropopause and there is only weak transport out of the tropics. This means 
that planetary wave propagation is highly seasonal with much more wave activ-
ity during the winter, when zonal winds are westerly, than during the summer, 
when the zonal winds are easterly. Planetary wave breaking leads to irreversible 
tropical-extratropical exchange through 'tongues' of tropical air being drawn into 
mid-latitudes from the tropics which then irreversibly mix to the background flow 
as the planetary wave breaks. The net result of the wave breaking is an exchange 
between tropical and extratropical air. 
5.2 Previous studies of tropical-extratropical ex-
change 
The majority of the recent work in attempting to quantify the degree to which 
there is mass-exchange across the tropical-extratropical barrier has centred on 
modelling studies that use wind fields to advect material contours, or individual 
parcels, initialised both within and without the tropics, for specified periods of 
time. The resulting distribution of the material contours or parcels, at future 
times, can then give an indication of how much material is transported into, or out 
of, the tropical region. Contour integral techniques can be applied to calculate the 
'area' of air which has been transported across the tropical-extratropical barrier. 
Uncertainties exist in locating the tropical-extratropical barrier and it is usually 
defined either as a fixed line of latitude, or as an isopleth of potential vorticity. 
The modelling studies have typically attempted to answer the questions: 
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How does the exchange depend on altitude and season? 
How does the exchange process differ between northern and southern hemi-
spheres? 
A much smaller body of work has focussed on studying the movement of aerosols 
ejected from volcanoes located within the tropics and the analysis of passive trac-
ers observed by satellites, especially of water vapour and nitrous oxide measured 
by instruments aboard the UARS satellite. Results from modelling and satellite 
observations are reviewed below. 
5.2.1 Modelling studies 
Observations of the dispersal of stratospheric aerosol within General Circulation 
Models have given useful information on transport patterns in the tropical strato-
sphere. For instance, Boville et al. (1991) simulated the evolution of the Mt. 
Pinatubo aerosol cloud using the NCAR Community Climate Model (CCM2) 
by advecting a passive tracer cloud, initialised near the location of the volcano 
(15°N, 120°E), for 180 days after the eruption on 14-15 June 1991. The bulk 
of the aerosol cloud was observed to disperse zonally to form a continuous belt 
in longitude, and remained confined to the tropics (30°N-25°S) centred near the 
20 hPa level (9 = --800 K) for the entire 180 day model run, while filaments of 
aerosol at lower altitudes penetrated into the extratropics. 
A similar study, by Rood et al. (1992), investigated the interaction between the 
tropics and mid-latitudes by studying the evolution of a tracer emitted at 50 hPa 
(21 km) along a great circle route between Los Angeles, USA and Sydney, Aus-
tralia. Their experiments were designed to examine the impact of chemical emis-
sions from stratospheric aircraft for which knowledge of the interaction between 
the tropics and mid-latitudes is vital. At the same time, their results gave useful 
insight into the transport between the tropics and mid-latitudes for a three month 
period from January until March 1989. Results showed that air is transported 
from the tropics into mid-latitudes by planetary-scale and tropospheric cyclone-
scale waves. Except for intrusions by these wave events, the tropics were found 
to be substantially isolated throughout the lower stratosphere. 
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As well as studies focussing on ensembles of trajectories, contour advection 
studies have also been used to address the nature of tropical-extratropical ex-
change. The experiments of Chen et al. (1994b) used the two-dimensional 
(latitude-longitude) version of the shape-preserving semi-Lagrangian tracer trans-
port model of Rasch and Williamson (1991) to investigate the evolution of ide-
alised tracers on isentropic surfaces using UKMO winds. They studied isentropic 
transport for two distinct time periods: from 1 June until 31 October 1992 and 
from 1 December 1992 until 30 April 1993. Their results showed that the degree 
of mass-exchange depends strongly on altitude and season. In terms of altitude 
dependence, they found the tropics to be most isolated in the middle strato-
sphere (0 = ".'600 K) in that much more air of tropical origin is transported into 
mid-latitudes of the winter hemisphere in the upper (1100K) and lower (400 K) 
stratosphere. On the 400 K isentropic surface, their results were supported by 
observations of the Mt. Pinatubo volcanic aerosols by Trepte et al. (1993). In 
analysing aerosol measurements from the second Stratospheric Aerosol and Gas 
Experiment (SAGE—TI), Trepte et al. (1993) showed that in the lower strato-
sphere there was much less aerosol observed in the southern hemisphere than in 
the northern hemisphere in the months after the eruption of Mt. Pinatubo (15°N, 
120°E) in June 1991. 
Over an annual timescale Chen et al. (1994b) found that in the upper strato-
sphere the bulk of tropical air is always transported into the mid-latitudes of 
the winter hemisphere, although there exist quasi-impermeable barriers in the 
subtropics. The transport takes place in the form of planetary-scale 'tongues' of 
material that are drawn poleward in association with the episodic amplification 
of planetary-scale waves in high latitudes of the winter hemisphere. Once air of 
tropical origin is transported into the mid-latitudes it is irreversibly mixed with 
the mid-latitude air in the 'surf zone'. Air of tropical origin can hardly penetrate 
into the interior of the winter polar vortex until the breakdown of the vortex due 
to the steep meridional gradients at the vortex edge (Juckes and McIntyre, 1987). 
In the lower stratosphere, however, there are strong hemispherical asymmetries 
between the northern and southern hemisphere winters. During the southern 
hemisphere winter of 1992, most tracer of tropical origin was transported into 
the southern hemisphere, while some tracer was transported into the northern 
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hemisphere. On the other hand, roughly the same amounts of tracer of tropi-
cal origin were transported into the northern and southern mid-latitudes in the 
northern hemisphere winter of 1992-93. 
Another extensive modelling study into tropical-extratropical exchange has 
been done by Waugh (1996) who used a contour advection with surgery (CA) 
technique (Waugh and Plumb, 1994) to look at the flow of a material contour on 
the 425K, 500 K and 850 K isentropic surfaces, for the period of June 1991 until 
July 1994. These corresponded to altitudes of r'-'lS, 18 and 30km respectively. 
Experiments were performed with three different sets of wind fields: (i) National 
Meteorological Centre (NMC) balanced winds, (ii) United Kingdom Meteorolog-
ical Office (UKMO) assimilated winds, and (iii) Goddard Space Flight Centre 
(GSFC) assimilated winds. All three wind fields have different resolution and are 
calculated using different techniques. Previous CA calculations with these dif-
ferent wind fields have shown generally good agreement in extratropical regions, 
but poorer agreement in the tropics (e. g. Waugh and Plumb, 1994). 
To look at transport out of the tropics several series of CA calculations were 
performed; each series consisting of 15-day calculations starting at 10-day in-
tervals and spanning a complete year (beginning 1 July). CA calculations were 
initialised with a zonal contour at 20°N (or 20°S), as observations suggest that 
this is the approximate region of strong meridional gradients that characterise the 
tropical-subtropical barrier. It would have been preferable to advect an isopleth 
of potential vorticity (PV) representing the tropical-subtropical barrier instead 
of a zonal contour, however the precise location of the PV contours in the tropics 
is unreliable. Waugh (1996) showed this by computing PV fields from the three 
different wind analyses and noting the differences between them. Isopleths of PV 
were therefore not used to initialise the CA calculations. 
To estimate the amount of air being transported out of the tropics Waugh 
(1996) calculated the area of the contours outside the tropics at the end of each 
calculation. This required a definition of the spatial edge of the tropics which 
presented a difficulty due to the spatial variation of PV isopleths derived from 
the three different wind fields. Instead Waugh (1996) used a latitude circle to 
quantify the transport out of the tropics. Generally this was taken to be 30°N (or 
30°S). The area poleward of the tropical edge was determined by first isolating, 
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using a surgery procedure, the portion of the contour that was poleward of the 
edge, and then calculating via a contour integral expression the area enclosed by 
the portion. 
Waugh (1996) concluded that strong transport out of the tropics occurs during 
the fall to spring period (late September to early May in the northern hemisphere) 
whenever there are westerlies throughout mid-latitudes. This is consistent with 
our understanding of the propagation of planetary waves (Charney and Drazin, 
1961). Waugh (1996) showed the rate of transport from the tropics to be greatest 
in the lower (425 K) and upper (850 K) stratosphere, with less at middle (500 K) 
levels in broad agreement with the findings of Chen et al. (1994b) 
In the northern hemisphere the rate of transport out of the tropics during the 
fall to spring period fluctuates around a constant value ('-'3% of a hemisphere 
every 15 days is transported north of 30°N, but this value varies depending on 
which wind fields are used), whereas in the southern hemisphere there is a rel-
atively quiet mid-winter period, with maxima in the transport in early and late 
winter. The mid-winter quiet period in the southern hemisphere is consistent with 
the differences in observed wave amplitudes in the stratosphere. Waugh (1996) 
was forced to conclude that the differences in the area diagnostics obtained using 
the three different sets of wind fields mean that precise quantitative conclusions 
on the amount of air transported out of the tropics during wave breaking events 
cannot be made from CA calculations using these analysed winds. 
Finally, Waugh (1996) concluded that transport out of the tropics can occur 
near the tropopause regardless of the direction of the mean zonal winds, as such 
transport is heavily determined by evanescing tropical disturbances. He also 
showed that transport out of the tropics occurs before and after the existence of 
the polar vortex, implying that the movement of the polar vortex to low latitudes 
is not necessary for transport of material out of the tropics. Therefore, although 
the movement of the polar vortex may be linked with transport out of the tropics, 
it is not necessarily the cause of the transport. 
5.2.2 Studies of satellite data 
A smaller amount of research into tropical-extratropical exchange has centred 
on observations of passive tracers measured by satellite-borne instruments, such 
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as water vapour and nitrous oxide. Satellites have also been able to observe the 
dispersal of volcanic aerosols ejected into the stratosphere from volcanoes situated 
within the tropics. 
Leovy et al. (1984) observed that changes in the middle stratosphere ozone dis-
tribution, measured by the Nimbus 7 Limb Infrared Monitor of the Stratosphere 
(LIMS) for the period 25 October 1978 to 28 May 1979, were strongly influ-
enced by irreversible deformation associated with planetary-scale waves of large 
amplitude. These processes were seen to occur throughout the 3-30 hPa layer 
(r-..i25-40 km) and were associated with narrow tongues drawn out from the trop-
ics and subtropics in association with major and minor polar warming events. 
These events were seen to complement the zonal mean diabatic circulation in 
producing significant changes in the total column amount of ozone. 
Analysing the transport of volcanic material that has been ejected into the 
stratosphere has also given useful insights into tropical-extratropical exchange. 
Trepte and Hitchman (1992) analysed the dispersal of volcanic aerosol in the 
tropical stratosphere by using extinction coefficients of aerosol during the years 
1979-81 and 1984-91, as measured by the Stratospheric Aerosol and Gas Exper-
iment I and II respectively. They found that poleward transport occurs read-
ily at altitudes within a few kilometres above the tropopause, whereas in the 
altitude range 21-28 km aerosols tended to remain within 20° of the equator. 
They further deduced that the aerosol distribution in the upper region was con-
trolled by the phase of the quasi-biennial oscillation. When the easterly shear 
was present, aerosols were lofted over the equator and remained confined to the 
tropics, whereas when the westerly shear was present, descent relative to the 
mean stratospheric circulation occurred over the equator, with an apparent in-
crease of aerosol transport to the extratropics in the lower stratosphere and upper 
troposphere. 
As an extension to this work, Trepte et al. (1993) observed the dispersal of 
volcanic material by SAGE—IT during the first 10 months after the eruption of 
Mt. Pinatubo (15°N, 120°E) on 14-15 June 1991. They found that for the first 
several months the bulk of the aerosol remained confined between 30°N and 20°S. 
During this period, however, modest zonally asymmetric aerosol transport into 
the northern mid- and high-latitudes occurred immediately above the tropopause, 
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Figure 5.1: The vertical variation of the zonal mean nitrous oxide mixing ratio 
(measured in parts per billion by volume, ppbv) during 1-20 September 1992, 
measured by the Cryogenic Limb Array Etalon Spectrometer (CLAES) instru-
ment aboard the UARS. Heavy solid lines denote the mean stratospheric circu-
lation in the latitude-height plane, and the horizontal arrows denote the location 
of quasi-horizontal mixing by planetary waves. From Randel et al. (1993). 
driven by tropospheric quasi-stationary anticyclonic circulation systems. Addi-
tional poleward aerosol transport at higher altitudes was correlated with the 
transition from the summer-to-winter circulation and increased planetary wave 
activity. Initial poleward dispersal into the southern mid- and high-latitudes 
was linked with the occasional development of anticyclonic cells bordering the 
southern subtropics. 
The UARS mission has yielded datasets giving evidence for tropical-extratropical 
exchange. Randel et al. (1993) observed an isolated episode of planetary wave 
breaking leading to irreversible transport in the water vapour field measured by 
the MLS, on the 1100 K isentropic surface in mid-September 1992. Dry tropical 
air was seen to be mixed into the southern hemisphere, and this wave event was 
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corroborated with measurements of nitrous oxide from the CLAES instrument. 
Their studies suggest that tropical-extratropical transport is unidirectional, i. e. 
material moves from the tropics into mid-latitudes but not vice versa. They saw 
strong latitudinal gradients in both the water vapour and nitrous oxide fields 
as shown in Figure 5.1, confirming the existence of a barrier to tracer transport 
put forward by Trepte and Hitchman (1992). However, superimposed on this 
background structure they found evidence of planetary-scale 'tongues' of tropical 
stratospheric air extending out into mid-latitudes, and time sequences showed 
irreversible mixing from the tropics into mid-latitudes. They hypothesised that 
these episodic wave events may be responsible for transporting significant quan-
tities of dry air across the tropical-extratropical barrier and suggested that the 
exchange of dry tropical air into southern mid-latitudes during September 1992 
could have contributed to the dehydrated mid-latitude stratosphere observed over 
the southern hemisphere in October 1992 (Tuck et al., 1993). 
5.3 Examples of isentropic tropical-extratropical 
exchange in MLS water vapour 
The following two subsections illustrate two prominent episodes of isentropic 
tropical-extratropical exchange due to breaking planetary waves as shown in anal-
yses of Version 3 MLS-measured water vapour. Analyses have been produced 
using the method described in Chapter 4 with five days of advection and winds 
and data interpolated onto the 1100 K isentropic surface (-.'38 km). 
5.3.1 Southern hemisphere: September 1992 
Figures 5.2 and 5.3 show a sequence of analyses of the MLS-measured water 
vapour field on the 1100 K isentropic surface, spaced daily from 6-13 September 
1992. Figure 5.4 shows selected isopleths of PV, interpolated onto the 1100 K isen-
tropic surface, corresponding to the times of the analyses in Figures 5.2 and 5.3. 
The chosen isopleths of PV are representative of the location of the subtropical 
PV barrier. 
The first field in the sequence, Figure 5.2(a), is characterised by a well-defined 
tropical region with water vapour mixing ratios of < 5.0 ppmv. There are steep 
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Figure 5.2: The time-evolution of the MLS-measured water vapour field on the 
1100K isentropic surface ('38km) during 6-9 September 1992. The data are 
shown on a cylindrical equidistant projection with latitude bounds 32°N to 80°S. 
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Figure 5.4: Time-evolution of the PV field for 6-13 September 1992 on the 1100 K 
isentropic surface corresponding to the times of the analyses in Figures 5.2 and 5.3. 
The -40 and -30 PV unit isopleths have been plotted on a cylindrical equidistant 
projection (1 PV unit = 1.0 x iO Km 2 kg' s'). PV is from the UK Meteoro-
logical Office assimilated analyses. 
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meridional gradients in the water vapour field to the north and south of this 
tropical region. These steep meridional tracer gradients coincide with the steepest 
meridional gradients in the tropical PV field. In the southern hemisphere mid-
latitudes and polar region there is well-mixed air with water vapour mixing ratios 
of generally > 6.4 ppmv. 
As the time-sequence progresses, a tongue of dry tropical air is seen to be 
extruded into the southern hemisphere (Figure 5.2(d)-5.3(g)), which then irre-
versibly breaks (Figure 5.3(h)) leading to a net exchange of dry tropical air into 
southern mid-latitudes. The irreversible exchange is shown not only by the phys-
ical 'detachment' of the dry tropical region from its tropical source, but also by 
the detachment of tropical PV isopleths. The dry tropical air does not cross into 
the polar regions, and animations of this event highlight the 'quasi-elasticity' of 
the PV contours around the polar vortex which prevents material breaching the 
polar vortex walls at large-scales (McIntyre and Palmer, 1983). 
The time-evolution of the PV isopleths shown in Figure 5.4 shows a similar 
pattern to that of the MLS-measured water vapour in Figures 5.2 and 5.3; with 
PV isopleths characteristic of the subtropical PV barrier being pulled into the 
extratropics and subsequently irreversibly deformed. Such dynamical behaviour 
gives strong credibility to the features shown in the analyses of the MLS-measured 
water vapour. 
There were about three such wave breaking episodes on this isentropic surface 
during September 1992, each of which transported (visually) a similar amount of 
tropical air irreversibly into the southern hemisphere mid-latitudes. 
5.3.2 Northern hemisphere: March 1993 
Figures 5.5 and 5.6 show another sequence of daily analyses of the MLS-measured 
water vapour field on the 1100 K (-38 km) isentropic surface, this time from 12-
19 March 1993. Figure 5.7 shows selected isopleths of PV on the same isentrope, 
corresponding to the time period of the analyses in Figures 5.5 and 5.6 and 
extending the sequence to 20 March. Again, the chosen isopleths of PV are 
representative of the location of the subtropical PV barrier. 
The first field in the sequence, Figure 5.5(a), is characterised by a well-defined 
tropical region with water vapour mixing ratios of < 5.6 ppmv. Again there are 
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Figure 5.5: The time-evolution of the MLS-measured water vapour field on the 
1100 K isentropic surface ('.-'38 km) during 12-15 March 1993. The data are shown 
on a satellite projection. 
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Figure 5.7: Time-evolution of the PV field for 12-20 March 1993 on the 1100 K 
isentropic surface covering the time period of the analyses in Figures 5.5 and 5.6. 
The 50, 60 and 70 PV unit isopleths have been plotted on a satellite projection 
(1 PV unit = 1.0 x iO Km 2 kg' s 1 ). PV is from the UK Meteorological Office 
assimilated analyses. 
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steep meridional tracer gradients to the north and south of this tropical region. 
The steep meridional tracer gradients coincide with the steepest gradients in the 
tropical PV field. In the northern hemisphere the mid-latitudes and polar regions 
contain well-mixed air with water vapour mixing ratios of generally ~! 6.4 ppmv. 
As the sequence progresses, a tongue of dry air is seen to be extruded from 
the tropics into the northern hemisphere (Figure 5.5(d)-5.6(g)), which then ir-
reversibly breaks by 19 March (Figure 5.6(h)). Unfortunately, on 20 March the 
MLS switched to viewing 'south' and so we cannot compute analyses to deter-
mine the ultimate fate of the exchanged tropical air in Figure 5.6(h). Suggestions 
as to its behaviour can be obtained by looking at the time-series of the PV field 
on the same isentropic surface. The time-evolution of the PV isopleths shown in 
Figure 5.7 shows a similar pattern to that of the MLS-measured water vapour in 
Figures 5.5 and 5.6; with PV isopleths characteristic of the subtropical PV barrier 
being pulled into the extratropics and subsequently irreversibly deformed. Anal-
ysis of the PV fields from 20 March onwards confirms that the tropical region did 
indeed mix to the background flow within a day or two. 
5.4 Quantifying exchange using the trajectory 
mapping technique 
Clearly then, analyses of MLS-measured water vapour give evidence of irreversible 
exchange of tropical air into mid-latitudes. What we seek now is a method of 
quantifying how much tropical air is irreversibly mixed into extratropical regions 
over the duration of the MLS water vapour measurements, from early-October 
1991 to late-April 1993. First, we need to consider how the trajectory mapping 
technique can be used to determine this and how it can build on the previous 
modelling studies. 
We note that the validity of the modelling results of Chen et al. (1994b) and 
Waugh (1996), reviewed in (5.2.1), depend crucially upon the longterm accuracy 
of advection of material contours by a gridded wind field. As discussed in Chap-
ter 4, errors will inevitably arise due to the fact that advecting parcels using 
numerical wind fields held on a discrete latitude-longitude grid will not give a 
completely accurate representation of flow in the real atmosphere. Consequently 
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as the period of advection is increased this will magnify errors in the spatial 
location of the material contours being advected. 
Consideration of the trajectory mapping technique described in Chapter 4 
shows that it has a number of advantages over these studies for quantifying trans-
port out of the tropics and into mid-latitudes. These are described below. 
Determination of the tropical-subtropical barrier: The trajectory anal-
yses can be used to overcome the difficulty in determining the location of the 
tropical-extratropical barrier. Whereas Waugh (1996) used the latitude circle 
200 to mark the tropical-extratropical barrier we can use the trajectory mapping 
technique to define its location in a different manner: as the location of the steep 
meridional gradients in the water vapour field. Time-series of analyses of the 
MLS-measured water vapour field, such as shown in Figures 5.2-5.3 and 5.5-5.6, 
enable us to view the temporal evolution of tropical air and monitor discrete 
episodes of exchange. If we determine how much air is exchanged during each of 
these episodes then we can estimate the percentage of air within the tropics that 
is exchanged into northern and southern mid-latitudes. This method also takes 
into account the fact that the tropical region itself is subject to advection in the 
meridional direction over an annual timescale. 
Area diagnostics: Waugh (1996) used a complicated algorithm to isolate 
portions of the advected material contour that occurred poleward of latitude 20°. 
The total geographical area of these portions was then evaluated. We can use 
the trajectory mapping technique to obtain area diagnostics in a different way: 
by using the equal-area nature of the grid it is easy to compute the 'area' of 
the air that is irreversibly exchanged in each episode. The net transport out of 
the tropical region is then determined entirely by the area of tropical air that is 
irreversibly mixed across the tropical-extratropical barrier. 
Length of trajectories: The mapping technique produces trajectories for 
a period of five days only. This compares to the 15-day time periods that 
Waugh (1996) advected a material contour for, and the 3-month period that. Chen 
et al. (1994a) used. As such we can have more confidence in the accuracy of the 
trajectories, both in terms of where the parcels finish and the approximation that 
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the trajectories are adiabatic. The fact that the trajectory mapping technique 
uses the MLS measurements to constrain the evolution of the water vapour field 
means that the final analysis is less heavily dependent upon the accuracy of the 
meteorological wind fields than the trajectories computed by Waugh (1996) and 
Chen et al. (1994a). 
Our approach to quantify tropical-extratropical exchange uses the fact that the 
analyses are held on an equal-area grid. Therefore each grid point 'represents' 
approximately the same geographical area. If we isolate the tropical air that is 
exchanged during each wave breaking episode then we can evaluate the 'area' of 
air exchanged by simply summing the number of grid points within the exchanged 
region and multiplying by the geographical area that each grid point represents. 
In order to have faith in the results from these experiments we need first to see 
how rigorous the method of calculating the geographical area is. 
5.4.1 Calculating geographical areas from the equal-area 
grid 
If we are to use the equal-area nature of the grid to determine the geographical 
area bounded by a specified water vapour contour then we need to consider how 
accurately the equal-area grid really does approximate equal-areas. One way to 
test this is to mathematically evaluate the percentage of the Earth's surface area 
lying between latitudes 01 and 02  and to then compare this to the value obtained 
from the equal-area grid. The area of a section of a sphere, bounded by latitudes 
01 and 02  can be expressed as the percentage of the sphere's total surface area A 
as 
A = 50 x (sin 0 1 - sin 02) 	 (5.1) 
To obtain a value from the equal-area grid we determine the number of grid points 
with latitudes between 01 and 02  and then multiply by the geographical area that 
each grid point represents, i. e. t-(85 x 85) km 2 . This method will be referred to 
as the equal-area approximation. 
Table 5.1 shows values for selected latitude bounds determined both mathemat-
ically using equation (5.1) and by using the equal-area approximation. There is 
overall excellent agreement between the exact mathematical values and the val- 
138 
Chapter 5 	 Isentropic tropical- extratropical exchange 
Latitude bounds Exact area of region as Area calculated using 
of area on Earth % of Earth's surface area equal-area approx. as % of 
Earth's surface area 
30°S-30°N 50.0 50.2 
00-30°N 25.0 25.4 
30°N-60°N 18.3 18.1 
60°N-70°N 3.68 3.63 
70°N-80°N 2.26 2.22 
Table 5.1: Checking how geographical areas calculated from the equal-area grid 
approximation compare with the exact mathematical values. 
ues calculated using the equal-area approximation. This therefore gives a strong 
endorsement to using the equal-area grid for computing area diagnostics. 
5.4.2 The sensitivity of the area diagnostics to MLS-noise 
If the synoptic mapping technique is to be used to quantify the amount of isen-
tropic tropical-extratropical exchange in MLS data then the area diagnostics must 
be robust when subject to the typical 'noise' of the MLS measurements. To in-
vestigate whether the MLS noise makes the area diagnostics unreliable we would 
ideally like to produce an analysis using perfect MLS data and then produce the 
same analysis with the MLS data subject to the usual random noise associated 
with typical MLS water vapour measurements. Area diagnostics obtained from 
the two analyses should then give good agreement if they are insensitive to the 
MLS noise. 
To investigate this two analyses were made of the prominent wave breaking 
event during mid-March 1993 on the 1100 K isentropic surface, one using 'unper-
turbed' and the other using 'perturbed' MLS data. The 'unperturbed' analysis 
was made by assimilating the MLS data and using the measured water vapour 
values read directly from the data files. The error on each MLS measurement 
was assumed to be zero. This resulted in interpolation on to the grid points 
using only the distance weighting coefficients, as the error weighting coefficients 
were all equal to unity. The 'perturbed' analysis used the same MLS data but 
as each measurement was assimilated its water vapour value was changed with 
a random perturbation commensurate with the precision of MLS water vapour 
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measurements in the middle stratosphere. The MLS error recorded in the data 
file was used in the interpolation. The 'perturbed' analysis therefore resulted in 
interpolation on to the grid points using both the distance and error weighting 
coefficients, since the error weighting coefficients were no longer unity. In both 
cases the distance weighting coefficients for the assimilation were identical since 
the advection equations and location of the MLS measurements were the same 
in both cases. For the 'perturbed' analysis a normal distribution in the 'noise' 
was assumed, with a half-width equal to the estimated precision (in ppmv) on 
our chosen isentropic surface. In the stratosphere the minimum precision on a 
Version 3 MLS water vapour measurement is 0.25 ppmv (Lahoz et al., 1996), 
and so the perturbation applied to each MLS measurement was chosen at random 
from a normal distribution with a half-width of 0.25 ppmv. 
The perturbed analysis was therefore produced using an identical advection 
to the unperturbed analysis but using a more realistic dataset. Therefore any 
differences between the two can be attributed entirely to the influence of the 
'noise' on the MLS measurements. Perturbed maps were made using different 
sets of randomly generated errors and the results obtained were similar. 
Figure 5.8 shows the perturbed and unperturbed analysis at 12 Z on 17 March 
1993. Two features are apparent: first, the structure is the same in both maps, as 
we would expect given that the advection calculations are identical in each case, 
and second, although there are small regions where the data values in the two 
maps are different, the large-scale features agree very well. In particular, the dry 
region in the tropics is prominent in both cases, as is the tongue of dry tropical 
air being extruded into the northern hemisphere over central Asia and Russia. 
To evaluate area diagnostics we are concerned with the geographical area bounded 
by specified isopleths of water vapour mixing ratio. Table 5.2 shows, for both 
maps in Figure 5.8, the geographical area bounded by the water vapour mixing 
ratios corresponding to the colour-rule. We can see that there is, in general, 
good agreement between area diagnostics obtained from the perturbed and un-
perturbed analysis and this lends confidence to the use of the analyses for the 
calculation of area diagnostics with data subject to MLS-noise. 
Table 5.3 shows similar results, but this time for geographical areas covered by 
grid point parcels with water vapour mixing ratios less than each of the contours 
140 
Chapter 5 	 Isentropic tropical- extratropical exchange 
MLS Water Vapour at 1100 K: 12Z on 17 Mar 93 
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Figure 5.8: Two analyses for 12Z on 17 March 1993 on the 1100K isentropic 
surface. The analyses were produced using identical advection equations but 
differing MLS data (Version 3). In (a) the MLS data were assumed to have been 
measured with zero error and interpolation on to the grid points was a function 
only of distance. In (b) the MLS data were randomly perturbed with errors 
consistent with a typical middle stratosphere MLS water vapour measurement. 
Interpolation was a function of both distance and error. 
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Boundary of area 
i (ppmv) 




5.0 <i < 5.2 21.2 	27.4 29 
5.2 <i < 5.4 107.3 103.8 -3.3 
5.4 < i < 5.6 86.0 	81.7 -5.0 
5.6 <i < 5.8 49.8 51.1 2.6 
5.8 < i < 6.0 27.1 	26.8 -1.1 
6.0 < i < 6.2 23.4 27.8 18.8 
6.2 <i < 6.4 37.7 	36.2 -4.0 
i > 6.4 48.9 45.4 -7.2 
Table 5.2: The area diagnostics obtained from the unperturbed and perturbed 
analyses shown in Figure 5.8 and the percentage difference between the two values. 
Boundary of area 
i (ppmv) 




i < 5.2 21.2 	27.4 29 
i < 5.4 128.5 131.2 2.1 
i < 5.6 214.5 	212.9 -0.7 
i < 5.8 264.3 264.0 -0.1 
i < 6.0 291.4 	290.8 -0.2 
i < 6.2 314.8 318.6 1.2 
i < 6.4 352.5 	354.8 0.7 
Table 5.3: The sensitivity of 'total' area diagnostics to MLS-noise obtained from 
the unperturbed and perturbed analyses shown in Figure 5.8. 
on the colour-rule in Figure 5.8. The results in Table 5.3 suggest that the MLS-
noise has little effect on the area diagnostics, provided that we restrict ourselves 
to looking at larger intervals in the water vapour field. For the particular analysis 
shown in Figure 5.8 we can characterise visually tropical air as being the region 
with water vapour mixing ratios less than 5.4 ppmv. Table 5.3 then tells us that 
we can calculate the area of this region to within an accuracy of about 2%. 
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5.5 Area diagnostics from the synoptic mapping 
technique 
Figure 5.9 shows two analyses of the MLS-measured water vapour field, spaced 
almost six months apart, and both on the 1100K isentropic surface ('-38 km). 
Both analyses show that the equatorial tropical region is characterised by air 
with low water vapour mixing ratios and they illustrate very well the tropical 
stratospheric reservoir (Grant et al., 1996). Moreover, the two analyses show 
that while the water vapour mixing ratio of air parcels that characterise the 
tropical region changes on a seasonal scale due to upwelling in the Brewer-Dobson 
circulation, the lowest water vapour mixing ratios are always to be found within 
the tropics. We can see also that the 'centre of area' of the dry tropical region is 
south of the equator in March, and north of the equator in September. We may 
therefore expect the 'centre of area' of the dry tropical region to move north and 
south across the equator following an annual cycle. 
Two important considerations arise therefore. First, since the water vapour 
value typical of tropical air changes, albeit gradually, with time we need to define 
a criterion for the mixing ratio of tropical air. This can then be applied to each 
analysis in a consistent manner. Second, we need to address the issue of where 
exactly the tropical-extratropical barrier is located so as to have a 'reference line' 
to quantify transport across. 
5.5.1 A definition of tropical air 
In considering a definition of 'tropical air', we note that in each analysis there are 
-.35,300 grid points lying between latitudes 30°N and 30°S (the typical spatial 
extent of the tropics) when the equal-area grid spacing is 85 km. Inspection of 
analyses in Figures 5.2-5.6 shows that there are steep meridional gradients in the 
water vapour field to the north and south of the dry tropical region. We can 
therefore consider looking at the distribution in the water vapour values of the 
grid points and based on this distribution define a criterion for tropical air which 
can then be applied consistently for each analysis. We expect there to be many 
more grid points with low water vapour mixing ratios than with high, and so a 
distribution that reflects this will have a sharp maximum in the distribution of 
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Figure 5.9: The MLS-measured water vapour field on the 1100 K isentropic sur-
face ('--38 km) at 12 Z on (a) 8 September 1992 and (b) 14 March 1993. To a close 
approximation, in (a) the tropical region may be defined by those grid parcels 
with water vapour mixing ratios <5.4 ppmv, while in (b) the tropical region may 
be defined by those parcels with water vapour mixing ratios <5.6ppmv. 
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the number of grid points n against water vapour mixing ratio x corresponding 
to the sharp change from dry tropical air to more moist extratropical air. We 
can consider where the gradient 	is zero. To that end, Figure 5.10 shows the dx 
distribution in the water vapour values held on the grid points for four days 
spanning the duration of the MLS water vapour measurements, calculated from 
analyses on the 1100K isentropic surface. 
As we can see from Figure 5.10, the majority of the points for the analyses 
have low water vapour values, in accord with visual inspection of the analyses 
in Figures 5.2-5.6. The most common water vapour mixing ratio varies between 
5.1-5.2ppmv in late October 1991 to 5.5-5.6ppmv in mid-March 1993. Clearly 
we must reflect this change in our definition of the dry tropical air. There would 
be problems though in using the criterion =0, as for example in the distribution dX 
on 19 March 1993 when there are three distinct water vapour values for which 
this is satisfied. 
To that end, it is appropriate to define tropical air as being all those points 
with water vapour mixing ratios less than or equal to the median of the grid 
point values. This leads to a choice of tropical air as being < 5.39, 5.48, 5.55 or 
5.57 ppmv respectively for the four examples in Figure 5.10, in visual agreement 
with the water vapour analyses for these days. 
5.5.2 Defining the latitude of centre of area, lat 
We define the latitude of the 'centre of area' of the tropical region latca as the 
mean latitude of all the grid points selected as representing tropical air, using the 
criterion described in (5.5.1). 
5.5.3 Spatial variation of lat a with time 
For each analysis we can determine therefore 1) the water vapour mixing ratio 
characteristic of tropical air, and 2) the latitude of the centre of area of the tropical 
region lat. We can then calculate area diagnostics for regions of 'tropical' air 
polewards of specified latitudes to the north and south of lat. Monitoring of 
these budgets during the course of the MLS water vapour measurements will 
highlight episodes of exchange and quantify how much exchange takes place. 
To investigate how lat moves during the annual cycle analyses were produced 
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Figure 5.10: The distribution in the water vapour values held on the grid points of 
analyses on the 1100 K isentropic surface ('.'38 km). Four days have been chosen 
to span the duration of the MLS water vapour measurements. 
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Figure 5.11: The zonal shift in the latitude of the centre of area latca on the 
1100 K isentropic surface of the tropical region as derived from MLS analyses of 
water vapour (Version 3). The two dashed vertical lines indicate 1 January and 
the dotted horizontal line shows the position of the equator. The two dotted 
vertical lines delineate the period from 2 June until 16 July 1992 during which 
few reliable MLS measurements were made. 
on the 1100K isentropic surface ('-.'38 km at equator and -.35 km at summer 
pole) from early November 1991 until early April 1993 to cover the duration of 
the MLS water vapour measurements. The analyses were irregularly spaced in 
time, with more analyses produced during the winter of each hemisphere when 
wave breaking was most prominent and relatively few during the summer months 
when wave breaking was absent. 
The shift in latca during the annual cycle is clearly shown in Figure 5.11. This is 
consistent with the observations of zonal mean MLS water vapour by Carr et al. 
(1995) which showed that the upward branch of the Brewer-Dobson circulation 
moves seasonally between the northern and southern hemisphere. During the 
northern hemisphere winter lat is south of the equator, and during the southern 
hemisphere winter lat is north of the equator, with a fairly sharp transition 
between the two regimes during the northern hemisphere spring and autumn. 
Figure 5.11 shows us that the dry tropical region is meridionally advected by 
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latca reaching 5-10°N during the northern hemisphere summer and autumn and 
'--5°S during the southern hemisphere summer and autumn. A similar pattern 
has been reported by O'Sullivan and Chen (1996) who advected a zonal tracer 
initialised within the tropics over the course of a winter and by Grant et al. (1994) 
who reported a temporal shift in the location of the centre of the Mt. Pinatubo 
stratospheric aerosol layer, its centre being at 5°S from July to September 1991 
moving to 5°N by January 1992. 
5.5.4 Quantifying isentropic tropical-extratropical exchange 
Inspection of the analyses in Figures 5.2-5.6 and of those used to produce Fig-
ure 5.11 point to the following picture of mass-exchange. The tropical region 
is robust and coherent in structure. On each analysis it is characterised by the 
region of lowest water vapour mixing ratio, with steep meridional gradients in 
the water vapour field to the north and south. These delineate the tropical-
extratropical barrier. The tropical region is largely zonally symmetric, centred 
on latca , and extending approximately to latitude latca+30° to the north and 
latca-30° to the south. If there is no wave breaking going on then the tropical air 
is confined within these latitude bounds. The whole tropical region is advected 
in the meridional direction following an annual cycle as shown in Figure 5.11. In 
the winter hemisphere, the poleward edge of the tropical region is episodically 
disturbed by large-scale planetary waves which peel tropical air polewards into 
the winter hemisphere. The waves subsequently break leading to a net exchange 
of dry tropical air into the winter mid-latitudes. 
Wave breaking will therefore transport air from the tropics out into mid-
latitudes. We need to consider how we can detect and quantify the amount 
of air transported? Since the tropical air is largely confined to 1at ± 30° then 
wave breaking episodes will cause significant amounts of air to occur poleward 
of these latitudes. We would therefore expect exchange to show up in the fol-
lowing manner: there will be tropical air located northward of latca+30° if there 
is wave-breaking occurring into the northern hemisphere. Similarly, there will 
be tropical air located southward of lat-30° if wave-breaking occurs into the 
southern hemisphere. Therefore, it is appropriate to look at a series of analyses 
throughout the duration of the MLS water vapour measurements and to compute 
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the geographical area bounded by 'tropical air' occurring northward of latitude 
latca +30°, and southward of latitude latca-30°. This will then highlight episodes 
of wave-breaking into the northern and southern hemispheres. 
It is important to consider the viewing orientation of the MLS when we perform 
these experiments. Since, as explained in Chapter 4, the latitudinal coverage of 
the MLS is either between 34°N and 80 ° S, or 34°S and 80°N, we will only be able 
to detect tropical air being transported into mid-latitudes in the hemisphere that 
the MLS is viewing in its entirety, since exchange into mid-latitudes of the other 
hemisphere will be beyond the view of the MLS. Hence, if the MLS is looking 
'north', then we look at the areas northward of latca+30°. Similarly, if the MLS 
is looking 'south', then we look at the areas southward of latca-300 . 
Results for the areas northward of latca+30° and southward of latca-30° are 
shown in Figure 5.12. Systematic gaps in the data are due to changes in the 
viewing orientation of the MLS. The two plots in Figure 5.12 show that on the 
1100 K isentropic surface tropical air is predominantly exported into the winter 
hemisphere and that little tropical air is exported into the summer hemisphere, in 
broad agreement with the modelling studies of Chen et al. (1994b) and Waugh 
(1996). We can also see that the maximum exchange occurs into the northern 
hemisphere during February—March 1992, when tropical air covering '-.'7% of the 
hemisphere surface area is transported northward of latca+30°. 
In all the exchange events, once tropical air has moved northward of latca +30° 
or southward of latca-30° then the exchange is irreversible. This is shown in 
analyses of all the wave breaking events (both in the MLS-measured water vapour 
field and the PV field) since air that occurs poleward of latca ± 30° is associated 
with planetary waves which subsequently break and mix the tropical air to the 
background flow. 
We can use the information in Figure 5.12 to quantify the amount of tropical air 
that is exported into northern and southern hemispheres during the period from 
October 1991 to April 1993. To do this we sum the amplitudes of air transported 
in the individual wave events. 
For the northern hemisphere there is a prominent wave breaking event dur-
ing mid-December 1991 which transports air with r'6% of a hemisphere area into 
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Figure 5.12: The area of dry tropical air, expressed as a percentage of the area 
of a hemisphere, that is located (a) northward of lat+300 , and (b) southward 
of lat-300 . Dashed vertical lines indicate 1 January, and the solid vertical lines 
delineate the period 2 June-16 July 1992 when MLS made few reliable water 
vapour measurements. 
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prominent event in March transports -.7% and a smaller event in May transports 
c2.5%. There are other exchange events throughout 1992 and 1993. In total, dur -
ing the period October 1991 to April 1993 air with rs35%  of a hemisphere area is 
transported into northern mid-latitudes. Considering only 1992, we can see that 
air with '--'20% of a hemisphere area is exchanged into the northern hemisphere. 
This represents .--'20% of air within the tropical region (30°N-30°S) being ex-
changed into northern mid-latitudes during 1992. Inspection of time-series of the 
PV field has highlighted episodes of exchange into northern mid-latitudes when 
the MLS was not viewing 'north' and so our estimated values are necessarily 
an underestimate. In particular, there is evidence for three prominent exchange 
events into the northern hemisphere centred on the following times: late Novem-
ber 1991, early December 1992, and during late January 1993. Our estimate of 
the amount of tropical air exchanged during 1992 into the mid-latitudes of the 
northern hemisphere will therefore not reflect the material exchanged during the 
event in early December 1992. 
Similarly, considering the southern hemisphere we can see that there are fewer 
wave events transporting material into southern mid-latitudes. Two events during 
November 1991 transport air with '2.5% and 3.5% of a hemisphere area into 
southern mid-latitudes, while a prominent event during August and September 
transports -'-p5.5%. In total, there is transport of air with -25% of a hemisphere 
area into southern mid-latitudes during October 1991 to April 1993, with '-15% of 
a hemisphere area being transported during 1992. Again, inspection of time-series 
of the PV field has highlighted episodes of exchange into southern mid-latitudes 
when the MLS was not viewing 'south' and so our estimated values are necessarily 
an underestimate. In particular, during 1992 there is evidence for two prominent 
exchange events into the southern hemisphere centred on the following times: 
early July, and late September. 
Figure 5.13 shows area diagnostics for tropical air poleward of lat+40° and 
latca-40°, again for the duration of the MLS water vapour measurements. Com-
paring to Figure 5.12 we can see that a significant proportion of the tropical air 
which occurs poleward of 1at+3O° subsequently occurs poleward of 1at+4O°. 
The modelling studies of Chen et al. (1994b) and Waugh (1996) have shown 
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Figure 5.13: The area of dry tropical air, expressed as a percentage of the area 
of a hemisphere, that is located (a) northward of 1at+40°, and (b) southward 
of 1at 0-400 . Dashed vertical lines indicate 1 January, and the solid vertical lines 
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Figure 5.14: The zonal mean zonal wind on the 1100K isentropic surface for 
the duration of the MLS water vapour measurements calculated from UKMO 
analyses. Solid lines show westerlies and dashed lines show easterlies. The 0 ms - ' 
contour is in bold. 
of exchange. This is consistent with the linear wave theory of Charney and 
Drazin (1961) which showed that planetary waves can only propagate up from 
the troposphere when there are westerlies in the stratosphere. It is of interest 
then to look at the UKMO analyses for the periods of transport and to see if 
the exchange-events shown in the MLS-measured water vapour field occur when 
there are westerlies at and below the 1100K isentropic surface. To that end, 
Figure 5.14 shows the zonal mean zonal wind on the 1100K isentropic surface 
for the period of the MLS water vapour measurements. Clearly visible are the 
strong circumpolar westerly winds in the winter hemisphere and the weak easterly 
winds in the summer hemisphere. Comparing with Figures 5.12 and 5.13 we can 
see that there is a very good correlation between mass exchange into the winter 
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in accord with the previous modelling results. Additional analyses (not shown) 
of the UKMO zonal mean zonal winds show that westerly winds exist throughout 
the winter stratosphere, extending down to below the 500K isentropic surface. 
This is again consistent with modelling studies which have shown transport to 
occur across the subtropical barrier only when there are westerly winds at and 
below the surface of interest. 
5.6 A qualitative comparison with CLAES ni-
trous oxide 
So far the area diagnostics have been obtained from analyses of MLS-measured 
water vapour. To substantiate the area diagnostics presented in the previous 
section we would like to derive quantities from analyses of different tracers, ideally 
measured by other UARS instruments and in a physically different way to the 
MLS. Questions that we might want to consider are whether or not the tropical 
stratospheric reservoir is delineated in the same way and if the tropical-subtropical 
barrier is located in the same place. Questions warranting further study are 
whether latca varies in the same manner as in the MLS-measured water vapour 
analyses, whether the episodes of transport correspond to those in Figures 5.12 
and 5.13, and if the amplitudes of the exchange events are similar. 
One possible tracer we can utilise is nitrous oxide, N 2 0, that has been mea-
sured by the Cryogenic Limb Array Etalon Spectrometer (CLAES). Stratospheric 
nitrous oxide is a constituent well-suited to tracer transport studies since it has a 
long photochemical lifetime of several weeks in the upper stratosphere, increasing 
to several years in the lower stratosphere (Brasseur and Solomon, 1986). 
The Cryogenic Limb Array Etalon Spectrometer (CLAES) aboard the UARS 
made altitude profiles of temperature, pressure, 0 3 1120, N2 0, and a range 
of other chemical constituents in the stratosphere through measuring infrared 
spectral Earth-limb emissions. The data are obtained between 250-0.2 hPa ('--'10 
and 60 km) with a vertical resolution of 2.5 km. A detailed description of the 
CLAES instrument and the resolution of the measurements is given by Roche 
et al. (1993). CLAES made almost continuous measurements from just after 
the launch of the UARS in mid-September 1991, until 5 May 1993 when the 
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instrument cryogen became exhausted. Like the MLS, the CLAES measures 
between 34°S and 80°N, and 34°N and 80°S in successive yaw-periods. The quality 
of CLAES N 2 0 measurements is generally reckoned to be very good in the mid-
stratosphere to lower mesosphere, between 40-0.2 hPa (".'22-60 km) (Randel et 
al., 1994). 
As a qualitative comparison to the wave breaking events shown in MLS water 
vapour analyses, Figure 5.15 shows the prominent wave breaking event on the 
1100 K isentropic surface during early-September 1992 shown in analyses of the 
CLAES (Version 8) nitrous oxide. Daily data from level 3at files have been 
interpolated onto the 1100 K isentrope using CLAES-measured temperatures and 
pressures. We can see that the tropical-extratropical barrier is delineated in the 
same way as in the analyses of MLS water vapour, in particular there are steep 
meridional gradients in the nitrous oxide field just south of the equator. Moreover, 
the wave breaking event is qualitatively very similar to that shown in the water 
vapour analyses for the same time period, with a tongue of air with high nitrous 
oxide mixing ratio being extruded into southern mid-latitudes and eventually 
breaking to mix to the background flow. This supports the work of Randel et 
al. (1993) who showed wave breaking at the same time, and in similar locations 
using trace gas data from the MLS and CLAES. 
Time constraints mean that we have not reproduced Figure 5.11 for CLAES 
nitrous oxide measurements, although this would be possible and would give 
clear evidence for the interhemispheric differences in transport. That said, the 
good agreement between the wave events in the MLS and CLAES datasets gives 
confidence in the reality of these features. 
5.7 Effect of transport on mid-latitude water 
vapour budget 
Since dry tropical air is irreversibly mixed into the moister mid-latitudes, it is of 
interest to see if we can detect any temporal changes in the water vapour budget 
of the mid-latitude regions. We would expect to see a decrease in the mean water 
vapour mixing ratio poleward of the subtropical barrier as the dry tropical air is 
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Figure 5.15: The temporal evolution of the CLAES (Version 8) nitrous oxide 
field on the 11001< isentropic surface ('38km) during early-September 1992. 
This corresponds to the same time period illustrated in Figure 5.2. The CLAES 
data have been interpolated using CLAES-measured temperatures and pressures 
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Figure 5.16: The temporal change in the mean water vapour mixing ratio of 
all grid points poleward of 45°N on the 1100K isentropic surface from (a) 20 
February 1992 and (c) 16 February 1993. Also for grid points poleward of 45°S 
from (b) 19 August 1992. 
in the winter hemisphere, it is inappropriate to look at the budget of water 
vapour within specific latitude bands since this may show natural variability due 
to dynamics. One approach is to consider a latitude poleward of which there is 
initially no tropical air, but which subsequently has tropical air exchanged across 
it, and to evaluate the mean water vapour value of the grid points poleward of 
this region during the wave breaking events. 
To that end, we evaluated the mean water vapour mixing ratio of grid points 
poleward of 45°N for the wave breaking events during February—March 1992 
and 1993, and poleward of 45°S for the wave breaking events during August-
September 1992. This involved averaging the water vapour values of '--10,400 
grid points. The temporal change for the three periods is shown in Figure 5.16. 
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For all cases there is a dehydration in the poleward region, with this being most 
marked in the February 1992 episode when there is a steady dehydration of the 
poleward region with the mean water vapour mixing ratio falling from r6.65 ppmv 
to 6.30 ppmv, a decrease of '5%. For the periods during August—September 1992 
and February—March 1993 the dehydration is less pronounced but each region is 
drier by ri% at the end of the wave breaking episodes. 
5.8 The vertical structure of wave breaking events 
It is of interest to investigate the vertical structure of the wave breaking events 
as our studies have so far been confined solely to the 1100K isentropic surface 
(38 km) 
5.8.1 Previous modelling results 
Waugh (1996) attempted to look at the vertical structure of the tongues of air 
formed during wave breaking events. He performed contour advection (CA) cal-
culations on the 425 K, 500 K and 850 K isentropic surfaces, spanning the altitude 
range .-15-30 km. The filaments in the CA calculations on isentropic surfaces are, 
in fact, quasi-horizontal slices through sloping sheets of air. Results showed that 
it was, in general, not possible to relate features on the 850 K surface to those on 
the 500 K surface, indicating that the sheets of tropical air do not go through the 
whole depth of the stratosphere. Features on the 500 K surface could generally 
be linked to features on the 425 K surface, but the converse was not true. This 
suggests that there is more mass-exchange near the tropopause than higher up. 
Indeed, quantitative results of the mass-exchange during 1992-93 on the three 
isentropic surfaces showed that the amount transported during the autumn to 
summer period in thin layers centred on the 425K and 850K surfaces is greater 
than in a similar layer centred on the 500 K surface. However, due to the decrease 
in density with height the mass transported near the 500 K isentropic surface is 
greater than near the 850 K surface. For the summer period more material is 
transported near the 425 K surface than on the two higher levels. 
Schoeberl and Newman (1995) studied the vertical structure of filaments ema-
nating from the polar vortex by performing multiple-level contour advection and 
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reverse domain filling simulations on stacked isentropic surfaces. Experiments 
were performed on the 440K, 500K, 600K, 850K, 1100K and 1300K isentropic 
surfaces, covering the altitude range '15-42 km. Their results showed that fila-
ments forming near the edge of the vortex have a fairly coherent vertical structure 
often over the whole stratosphere. These simulations supported the work of Ran-
del et al. (1993) who reported wave breaking events over the entire vertical range 
of the steep meridional gradients of N 2 0 (see Figure 5.1) from '--'28-42 km, with 
the wave breaking reaching its largest amplitude on the 1100 K isentropic surface. 
A study by Orsolini et al. (1995) used a high-resolution numerical model to in-
vestigate the isentropic transport of a passive tracer initialised within the Arctic 
during January 1992. Analyses on closely spaced independent isentropic surfaces 
showed transport to occur via sloping 'laminar sheets'. 
In order to study the vertical structure of the wave breaking events in the MLS 
water vapour analyses it is important to first consider the vertical resolution of the 
UKMO and MLS data. We must then decide, when using potential temperature 
as a vertical coordinate, how closely analyses may be spaced. This is so we can 
be sure that adjacent analyses in theta-space actually contain new information 
and are independent. 
5.8.2 How closely can analyses be spaced? 
As explained in Chapter 4, the MLS data are retrieved onto 13 pressure levels 
between 100 and 0.01 hPa with an equal spacing in log io (pressure). The UKMO 
wind fields are held on 22 pressure levels between 1000 and 0.3 16 hPa, again 
equally spaced in log 1o (pressure). The UKMO winds therefore do not extend as 
high in the vertical as the MLS data, but they do have a finer vertical resolution. 
If we are interested in studying the vertical structure of wave breaking events 
then we need to know the resolution of the two datasets when using potential 
temperature as a vertical coordinate. 
Figure 5.17 shows the typical vertical structure of MLS- and UKMO-derived 
potential temperatures calculated as a zonal mean between 5°N-5°S. There is 
little temporal variation in the structure at this location during the year (as is 
expected from the vertical distributions in the January and July zonal mean 
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Figure 5.17: A typical vertical profile of the zonal mean potential temperature 
as derived from MLS and UKMO temperatures and pressures. A latitude bin of 
5°N-5°S has been used. 
fields overlap in the stratosphere and the UKMO data have twice the vertical 
resolution of the MLS data. There is excellent agreement between the two po-
tential temperature profiles throughout the stratosphere. In the lower to middle 
stratosphere the potential temperature derived from the UKMO analyses has 
a vertical resolution of --75 K, while the potential temperature derived from the 
MLS data has a vertical resolution of 175 K. However, in the upper stratosphere 
the vertical resolution of the UKMO potential temperature field is --200 K, and 
the resolution of the MLS potential temperature field is 400 K. This tells us how 
closely we can resolve the vertical structure of the planetary waves, and we may 
consider restricting ourselves to isentropic surfaces spaced by 100 K in the lower 
to middle stratosphere, and 250 K in the upper stratosphere. This is to ensure 
that adjacent analyses in theta-space actually contain new information, whether 
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it be due to the grid point parcels having been advected by different wind fields 
or due to different MLS data having been used to interpolate water vapour val-
ues onto them. On the other hand, if we produce synoptic maps with a small 
separation in potential temperature, for instance every 50K, then adjacent pairs 
of analyses will have structure that is produced solely through interpolating from 
the water vapour mixing ratios retrieved to adjacent MLS pressure surfaces, or 
from the wind fields held on adjacent UKMO pressure surfaces. If so, then these 
analyses cannot be thought of as containing any new information from those on 
immediately higher or lower isentropic surfaces. 
5.8.3 The vertical structure of wave events 
We are interested in investigating the vertical structure of some of the wave 
events shown in the MLS data, particularly with regard to the amount of air that 
is exchanged into the northern and southern hemisphere as a function of height. 
To that end we looked in detail at the vertical structure shown in three distinct 
wave events: two into the northern hemisphere, on 14 March 1992 and 17 March 
1993 respectively, and one into the southern hemisphere on 8 September 1992. For 
each of the events, analyses were produced on multiple stacked isentropic surfaces 
throughout the stratosphere. We produced analyses using Version 3 MLS water 
vapour on the 650K, 700K, 850K, 1000K, HOOK, 1300K, 1450K, and 1700K 
isentropic surfaces. These spanned the altitude range .-25-48 km. 
In order to produce a coherent picture of the amount of air that is exchanged 
on each isentropic surface we need to define an 'equivalent' edge to the tropical-
extratropical barrier on each isentrope. Therefore, for each analysis in turn we 
used the procedures described in (5.5.1) and (5.5.2) to determine the characteristic 
water vapour mixing ratio of the tropical air and the location of the centre of the 
tropical region. For the two northern hemisphere wave events the amount of 
air with mixing ratios of tropical origin that occurred northward of 1at+30° 
was then determined as a percentage of a hemisphere area. For the southern 
hemisphere event we determined the amount of air as a percentage of a hemisphere 
area that occurred southward of I at ca300  In order to see how exchange varies 
with height, Figure 5.18 shows how the amount of air with mixing ratios of 
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Figure 5.18: The amount of air that is exchanged northward of lat+30° as a 
function of height for the two northern hemisphere events (14 March 1992 and 
17 March 1993) and southward of lat-3O° for the southern hemisphere event 
(8 September 1992). The mean profile is plotted in bold. 
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mean vertical profile has also been plotted. We can clearly see that the amount 
of tropical air that is exchanged into the mid-latitudes generally increases with 
height with about 2% of a hemisphere surface area near the 650 K isentropic 
surface increasing almost linearly to about 7% near the 1700 K isentropic surface. 
This can be attributed to the normal increase in planetary wave amplitude with 
height (Schoeberl and Newman, 1996). 
In order to look at the vertical structure more closely, Figure 5.19 shows views 
of the wave event on 8 September 1992 on the 650 K, 850 K, 1300 K and 1700 K 
isentropic surfaces, corresponding to altitudes of .-25 km, 32 km, 42 km and 48 km 
respectively. The view of the field on the 1100 K isentropic surface has already 
been shown in Figure 5.2(c). A different colour rule has been used for each 
of the four plots shown in Figure 5.19 since the range of water vapour mixing 
ratios on the four isentropic surfaces changes from --4.3-5.7 ppmv on the 650 K 
isentropic surface to ppmv on the 1700 K isentropic surface. The vertical 
morphology that is shown in the analyses in Figure 5.19 is also representative of 
the water vapour field on the other two dates. 
We can see that the tropical-extratropical barrier is most clearly delineated 
on the three highest analyses and is relatively indistinct on the 650 K analysis. 
This agrees with Randel et al. (1993) who found steep meridional gradients in 
the tropical N 2 0 field only in the altitude range -28-42 km, approximately 750-
1250 K. At these heights the tropical-extratropical barrier serves to isolate the 
tropical air from the mid-latitudes. We can see that the Antarctic polar vortex is 
prominent on the 650 K and 850 K isentropic surfaces and serves to isolate regions 
of moist water vapour within the vortex. The vortex is much less prominent on 
the two higher surfaces. 
There are few descriptions in the literature of the vertical structure of wave 
events. However an instructive study has been that of Schoeberl and Newman 
(1996) who investigated filamentation from the Arctic vortex edge as a function 
of height, that is the process whereby thin filaments of vortex air are spun off 
the edge of the vortex into midlatitudes in the lower stratosphere. The physi-
cal existence of these filaments has been verified in observational data (Plumb 
et al., 1994). Their studies consisted of contour advection analyses of 'modified' 
PV on multiple stacked isentropic surfaces spanning the vertical domain 440 K to 
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Figure 5.19: Analyses of the wave event on 8 September 1992 on the 650K, 850 K, 
1300 K and 1700 K isentropic surfaces. These span the altitude range -25-48 km 
and correspond to the altitudes -25 km, 32 km, 42 km and 48 km respectively. 
The data are shown on a cylindrical equidistant projection with latitude bounds 
32°N and 80°S. Note that a different colour rule has been used for each plot. 
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1300 K in units of potential temperature ('--'15-45 km). Analyses were performed 
for 10-day periods during January 1992 and February 1994. Filaments forming 
at the edge of the vortex have a fairly coherent structure often over the whole 
stratosphere. The filaments should be regarded as sheets of PV that unfurl from 
the vortex. Their results showed filamentation to occur at all heights but sheets 
of PV separated from the vortex at upper levels first. The separation then pro-
gressed downwards and the sheet of PV developed a tilt with altitude with upper 
levels being displaced furthest from the pole. 
In many respects then we see a similar phenomenon in the vertical structure of 
the waves that disturb the tropical-extratropical barrier: the waves consistently 
have a larger amplitude with increasing height, although this can be hard to 
identify at high altitudes where the meridional gradient in the water vapour field 
is much less steep than at lower altitudes. This is entirely consistent with the 
increase in the amplitude of planetary waves with height. The actual mass of air 
that is transported into the tropics will still be very much greater low down than 
at higher altitudes though, due to the rapid decrease of air density with height. 
For instance, the density of air near the 600 K isentropic surface (''-'25 km) is 
roughly 35 times greater than that near the 1700 K isentropic surface ('--'48 km). 
5.9 Summary 
This chapter has used synoptic analyses produced using the method described 
in Chapter 4 to attempt to quantify isentropic tropical-extratropical exchange 
as shown in analyses of MLS-measured water vapour (Version 3). Our experi-
ments covered the duration of the MLS water vapour measurements, from early-
October 1991 to late-April 1993, and concentrated on the 1100K isentropic sur-
face ('--'38 km) located in the upper stratosphere. Our method for estimating the 
amount of exchange differs significantly from previous reported experiments due 
to the nature of our analyses (see Chapter 4) and the way in which the water 
vapour field itself is used to define both the tropical air and the location of the 
tropical-extratropical barrier. 
Area diagnostics calculated from the water vapour analyses have been shown 
to be robust to the characteristic noise' on individual MLS water vapour mea- 
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surements. Using the equal-area nature of the analyses to compute geographical 
areas of regions bounded by specified water vapour isopleths has been shown to 
give excellent quantitative agreement to areas computed mathematically. 
Evidence of irreversible exchange of tropical air into mid-latitudes has been 
shown in analyses of the MLS water vapour field. Animations of the analyses give 
very realistic patterns of flow. Exchange occurs via large-scale breaking planetary 
waves which result in tongues of dry air being pulled poleward from the tropics 
into mid-latitudes and which are then irreversibly mixed to the background flow as 
the wave breaks. Attempts to quantify the amount of mass-exchange during the 
duration of the MLS water vapour measurements shows that the bulk of transport 
occurs into the winter hemisphere when there are westerlies at or below the height 
of interest. This is in accord with previous modelling studies. 
During 1992, analyses of MLS-measured water vapour on the 1100 K isentropic 
surface ('38 km) show that more tropical air is exchanged into the northern 
hemisphere than into the southern hemisphere, with tropical air covering '-.20% 
of a hemisphere surface area, or -20% of air within the tropical region (30°S to 
30°N), being exchanged into the northern hemisphere and r45%  being exchanged 
into the southern hemisphere. These figures are necessarily underestimates as 
the MLS did not view both hemispheres continually and so some wave breaking 
events transported material out of the tropics into regions beyond the view of 
the MLS. In particular, inspection of time-series of the PV field for the duration 
of the MLS water vapour measurements shows that there were three prominent 
exchange events into the northern hemisphere that occurred when the MLS was 
viewing 'south' and two into the southern hemisphere when the MLS was viewing 
'north'. Considering transport during 1992, one exchange event into the northern 
hemisphere was not viewed by the MLS and nor were two into the southern 
hemisphere. 
The mixing of dry tropical air into the mid-latitudes is seen to have a small, 
but detectable dehydrating effect on the total water vapour budget of the mid-
latitude regions. Finally, the vertical structure of two selected wave breaking 
events has been studied and the waves have been shown to have large vertical 
extent over most of the stratosphere with structures being well-correlated in the 
vertical between adjacent isentropic surfaces. 
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The discovery of the thinning of the total ozone column over Antarctica in the 
mid-1980s (Farman et al., 1985), the so-called 'ozone hole', stimulated great inter-
est in the dynamics and chemistry of the winter and spring southern hemisphere 
stratosphere. The ozone hole phenomenon has been observed more recently in 
the northern hemisphere too. An important feature of the MLS dataset has been 
the high density of measurements made within the polar regions; in particular 
of water vapour, chlorine monoxide and temperature. These datasets have been 
well-suited to analysis of the dynamical and chemical mechanisms that contribute 
to ozone loss. As discussed in Chapter 2, water vapour is an important trace gas 
for looking at the dynamics of the polar regions. Much of the interesting dynam-
ics and chemistry occurs low down within the vortices, near the 46 hPa pressure 
level ('-'21 km). Unfortunately, the Version 3 water vapour data are only retrieved 
reliably to the 22 hPa pressure level (.-.'26 km), and even suffer degradation some-
times on this level in the polar regions. The latest version of the MLS water 
vapour data (Version 4) are, in general, reliably retrieved to both the 46 and 
22 hPa pressure levels within the polar vortices and are thus an important new 
dataset for studies of this region. This chapter is therefore concerned with using 
analyses of the Version 4 MLS water vapour to look at Arctic vortex processes 
in the lower and middle stratosphere, concentrating on the northern hemisphere 
winters of 1991-92 and 1992-93. Fewer reliable MLS measurements were made 
during the southern hemisphere winter of 1992, except from mid-August to mid-
September, and so the Antarctic vortex was not studied. 
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The structure of this chapter is as follows. Section (6.1) describes the principal 
dynamical features of the polar vortices, namely the region of strong circumpo-
lar westerly winds at high latitudes during the winter and spring season of each 
hemisphere, occurring between 20-40 km. Section (6.2) reviews some of the polar 
vortex processes in the mid-stratosphere that have been revealed through analy-
sis of Version 3 data, in particular the work of Lahoz (1993, 1994). Section (6.3) 
looks in some detail at the Version 4 MLS water vapour and temperature datasets 
and considers the differences with respect to the Version 3 data. It is shown that 
the Version 4 water vapour data are consistently lower than the Version 3 data in 
the upper and mid-stratosphere, with much better agreement in the lower strato-
sphere. Synoptic analyses of MLS-measured water vapour can be produced lower 
down in the stratosphere using the Version 4 data; typically to the 550 K isen-
tropic surface ('-'25 km). This is to be considered a major improvement over the 
Version 3 water vapour. Section (6.4) considers analyses of MLS-measured wa-
ter vapour on the 550 K, 650 K (.-.'28 km) and 850 K (-34  km) isentropic surfaces 
for the northern hemisphere winters of 1991-92 and 1992-93. By interpolating 
UKMO-derived potential vorticity onto the grid point analyses we can use PV 
isopleths to determine interior vortex air, thereby establishing a robust coordinate 
for looking at the evolution of water vapour in the interior of the Arctic vortex. 
We consider the temporal evolution of the mean water vapour mixing ratio on 
these three isentropic surfaces during the course of the two winters. Section (6.5) 
looks at the temporal evolution of the mean water vapour mixing ratio within 
PV tubes aligned near the edge of the vortex, both within and outside. We argue 
that quasi-isentropic mixing of moist interior vortex air across the vortex edge 
during the course of the winter will present a signature of moistening of PV tubes 
located outside the vortex. A summary of the findings in the chapter is presented 
in section (6.6). 
6.1 The dynamics of the polar vortices 
During winter and early spring, the Antarctic stratosphere has the lowest tem- 
peratures found in the Earth's stratosphere, some 10-15 K colder than those of 
the Arctic stratosphere in the same seasons. This interhemispheric temperature 
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difference between the winter poles is believed to be due largely to differences in 
the surface topography of the two hemispheres, in particular to the lack of surface 
topographic features poleward of 50°S and equatorward of the Antarctic conti-
nent. In the southern hemisphere, this leads to few large-scale wave disturbances 
being forced orographically at sub-polar latitudes. Consequently there is little 
wave-induced transport of Antarctic polar air into mid-latitudes. Conversely, 
during the northern hemisphere winter, Arctic air that is normally in darkness 
can be episodically transported into mid-latitudes where it is warmed by solar 
insolation. 
In both hemispheres, the strong temperature contrast between the winter pole 
and mid-latitudes produces a large meridional pressure gradient. This, combined 
with the Earth's rotation, produces a circumpolar belt of westerly winds serving to 
isolate the winter polar air mass and produces the polar vortex: the strong, mid-
latitude, quasi-zonal, stratospheric wind system that develops during winter. The 
winter jet in the southern hemisphere is far stronger than its northern hemisphere 
counterpart and is associated with a larger poleward temperature decrease in 
the lower stratosphere. The circumpolar winds extend through the stratosphere 
and into the lower mesosphere. In both hemispheres the strongest zonal winds 
occur in the upper stratosphere or lower mesosphere; around the Arctic vortex 
windspeeds can peak at 50 ms 1 at -'60 km altitude, and around the Antarctic 
vortex '-"90 m s at '--'50 km altitude (Schoeberl and Hartmann, 1991). At the 
transition from mid-latitude to polar air there are steep meridional gradients of 
both potential vorticity and concentrations of conservative trace gas species. The 
transition between the two air masses occurs over relatively small spatial scales, 
typically of the order several hundred kilometres. 
The physical structure of the vortex is well-illustrated by the schematic in 
Figure 6.1, which shows the typical zonal mean cross section of both zonal wind-
speed and temperature for the northern hemisphere vortex during January and 
the southern hemisphere vortex during July. In the mid-latitudes of the winter 
hemisphere breaking planetary waves create a 'surf zone' and this serves to erode 
the edge of the vortex and to steepen the isentropic gradients of potential vor-
ticity and conservative trace gases. There is usually a multiple-edge structure in 
these gradients, giving a certain 'fuzziness' to the vortex walls. Such structure has 
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Figure 6.1: Plot A shows zonal mean temperature (in degrees Celsius). Plot B 
shows zonal mean westerly wind speed (in m s'). Both plots are of zonal means 
for the winter months of January in the northern hemisphere and July in the 
southern hemisphere. The data therefore show the corresponding winter seasons 
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Figure 6.2: The zonal mean zonal wind on the 650 K isentropic surface ('-125 km) 
calculated from UKMO analyses to cover the duration of the MLS water vapour 
measurements. Solid lines show westerlies and dashed lines show easterlies. The 
Oms' contour is in bold. 
been shown by Waugh et al. (1994a) using high-resolution Lagrangian advection 
techniques and meteorological estimates of the wind field. Around the cold centre 
of the vortex, air circulates repeatedly, organising the distribution of long-lived 
trace gases by tending to align isopleths of mixing ratio with streamlines. 
The vortex undergoes a pronounced seasonal cycle, intensifying in early winter 
and weakening in late winter before finally breaking down during the spring. The 
growth and decay of the polar vortices over an annual cycle is well-illustrated 
in Figure 6.2 which shows the zonal mean zonal wind on the 650 K isentropic 
surface ('25 km) for the period of the MLS water vapour measurements. Winds 
have been obtained from the UKMO assimilated analyses and sampled every five 
days. Clearly visible are the strong circumpolar westerly winds in the winter 
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hemisphere, and the weak easterly winds in the summer hemisphere. Regions of 
steep meridional gradient in the zonal winds coincide with the region of steep 
meridional gradient in the potential vorticity field. The steep gradient in the 
PV field is believed to act as a quasi-elastic material contour and to be largely 
impermeable to mass exchange, as shown in modelling studies by Juckes and 
McIntyre (1987). We can see from Figure 6.2 that in the southern hemisphere 
the zonal winds tend to be both stronger and to persist for longer than those in 
the northern hemisphere. These two factors point to the Antarctic vortex being 
more isolated than the Arctic vortex. 
6.1.1 Polar vortex chemistry 
It is now generally agreed that although heterogeneous chemistry is mainly re-
sponsible for springtime ozone destruction in the Arctic and the Antarctic, it is the 
dynamics of the wintertime polar stratosphere in these regions which create and 
maintain the unique environment suitable for the necessary chemical reactions to 
take place (Solomon, 1990). Suitably low temperatures permit the saturation of 
stratospheric water vapour to form polar stratospheric clouds (PSCs) which can 
host heterogeneous reactions that lead to ozone destruction. 
In order for widespread ozone destruction to occur, the air temperature within 
the polar vortex must be lower than 195 K for a sufficiently long period of time 
(Schoeberl and Hartmann, 1991). This permits the formation of polar strato-
spheric clouds consisting predominantly of nitric acid trihydrate particles with 
some water ice particles (Toon et al., 1989). PSCs have now been observed in 
both the Arctic and the Antarctic polar stratosphere in a number of datasets, with 
direct observations from ground-based lidar measurements and also evidence from 
satellite measurements. For instance, Godin et al. (1994) observed PSCs within 
the Arctic vortex in aircraft-borne lidar measurements during the European Arc-
tic Stratospheric Ozone Experiment (EASOE) campaign. They were colocated 
with temperatures of -195K at 20km ('—'50hPa) on 11 December 1991. The 
presence of PSCs was attributed to orographically forced waves propagating into 
the stratosphere which can provide a mechanism for locally cooling the strato-
sphere, thereby allowing PSC-formation, even though the average temperature as 
calculated along potential temperature surfaces may be higher than the critical 
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temperature required for PSCs to form. Rosen et al. (1994) observed PSCs in 
the Arctic vortex during 1992-93 from balloon-borne backscattersondes. How-
ever, their results were complicated due to the substantial aerosol loading within 
the vortex from the Mt. Pinatubo eruption in mid-June 1991. 
In the Antarctic vortex, Adriani et al. (1995) observed PSCs from ground-
based measurements over McMurdo Station (78°S), during spring 1992 using 
lidar and balloon-borne particle counters. Kelly et al. (1989) showed direct 
evidence of dehydration over Antarctica from measurements made using Lyman-
a fluorescence hygrometers carried aboard the NASA ER-2 and DC-8 aircraft. 
Interior vortex water vapour mixing ratios in the potential temperature range 
420-460K were -.-'1.5 ppmv as compared to 3.0-4.5 ppmv outside the region of 
high PV gradient. 
Evidence for PSCs has come from measurements made by the SAGE—TI satel-
lite and from a number of instruments aboard the UARS, in particular the MLS, 
ISAMS and CLAES. Wege (1991) showed evidence for the collocation of very 
low temperatures in the Arctic vortex (-193K) with high aerosol extinction 
coefficients measured by the SAGE—II during late-January and early-February 
1989. PSCs have been observed in ISAMS measurements of the Arctic vortex 
during 1991-92 (Taylor et al., 1994). They showed evidence of two episodes of 
PSC-formation at 46hPa (-20 km) on 28 December 1991 and 9-10 January 1992 
in analyses of ISAMS-measured temperature and aerosol extinction coefficient. 
This gave evidence of the PSC-scarcity in the Arctic vortex during the north-
ern hemisphere winter of 1991-92. Ricaud et al. (1995) deduced the existence 
of PSCs within the Antarctic polar vortex during the period from 30 August to 
3 September 1992 on the 465 K isentropic surface ("-'50 hPa) in MLS water vapour 
measurements and extinction coefficients measured by the Cryogenic Limb Array 
Etalon Spectrometer (CLAES). Since MLS Version 3 water vapour measurements 
at 46 hPa are dominated by climatology in the winter polar vortex, and are largely 
unusable, Ricaud et al. (1995) used data poleward of 50 0 S that had been repro-
cessed using a non-linear algorithm which incorporated measurements having a 
high opacity. 
In general, PSCs within the Arctic vortex are smaller in temporal and spatial 
extent than those occurring in the Antarctic vortex. For both polar vortices, 
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the maintenance of sufficiently low temperatures within the vortex necessary for 
PSCs to form, requires a very weak transport of heat from mid-latitudes into the 
inner vortex. This therefore suggests that 'interior' vortex air is substantially 
isolated from 'exterior' vortex air. 
Within the vortex fast heterogeneous reactions can take place on the surface 
of PSC-particles which convert chlorine monoxide, CIO, from inert to reactive 
forms. The CIO is believed to be derived from anthropogenic emissions of chloro-
fluorocarbons (CFCs) as highlighted by Molina and Rowland (1974). When the 
vortex emerges in the spring from the permanent darkness of winter the CIO 
molecules are photodissociated by sunlight to give single atoms of Cl and 0 
promoting a catalytic destruction of ozone molecules, as shown below: 
Cl +03 -* CIO +02 	 (6.1) 
CIO +0—Cl+02 	 (6.2) 
Net: O3 +O—O2 +O2 	 (6.3) 
Given that ozone destruction does occur consistently each winter and spring 
in the core of the polar vortices, then our knowledge of the degree to which air 
within the polar vortex is isolated from mid-latitudes during winter and spring is 
important for our understanding of stratospheric chemistry and dynamics. The 
effects of exchange of interior vortex and mid-latitude air are twofold. On the 
one hand, significant transport of warm and ozone-rich mid-latitude air into the 
main polar vortex would inhibit the development of the ozone hole. On the other 
hand, transport of ozone-poor vortex air out of the main vortex would lead to 
low-ozone regions in mid-latitudes, which in turn would increase the exposure of 
plants and animals to harmful ultraviolet radiation. 
If there is a sizeable flow of air through the vortex and out into mid-latitudes 
during time periods when there are PSCs within the vortex then most of the air 
involved would have become chemically 'activated', or primed for ozone destruc-
tion, while passing through the vortex owing to the fast heterogeneous reactions 
taking place on the surface of the PSC particles. There could be serious implica-
tions for our understanding of ozone-hole chemistry and for mid-latitude ozone 
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would be liable to affect ozone destruction well away from the vortex. 
Since it is of interest to know the degree to which interior vortex air is isolated 
from mid-latitudes during winter and spring, much recent research, using a variety 
of techniques (theory, modelling and tracer studies) has addressed this question. 
Some of the major studies are reviewed below. 
6.1.2 Dynamical isolation of the vortices 
Theory and simple modelling studies of quasi-horizontal transport associated with 
large-scale waves suggest that the Antarctic polar vortex is relatively isolated from 
the surrounding mid-latitude regions. On the basis of the Rossby wave restoring 
mechanism, Juckes and McIntyre (1987) argued that the vortex edge, defined 
as the region of steep meridional gradients of potential vorticity, might act as 
a barrier to cross-vortex exchange of air and the polar vortex might behave as 
an isolated material entity. Their numerical modelling studies showed the vortex 
edge to be robust to large-scale disruption and the vortex itself to be impervious 
to even small-scale incursions from low latitude air. In particular, they noted 
that the erosion process of the main vortex was 'one-sided', with vortex air being 
readily mixed into the mid-latitude 'surf zone' but mid-latitude air being less 
readily mixed into the main vortex. 
The tropopause in the polar vortex approximately marks the barrier between 
two very different dynamical regimes as discussed by McIntyre (1995). In units 
of potential temperature, below -.400 K ("-'70 hPa) the vortex is well-mixed with 
mid-latitudes owing to intense episodic planetary wave activity in the tropo-
sphere. McIntyre (1995) termed this region the 'sub-vortex'. Above the 400 K 
isentropic surface the vortex is substantially isolated during the winter and spring 
prior to the vortex breaking up. The difference between the two regimes is 
attributed to the 400 K isentropic surface being the altitude below which the 
layerwise-two-dimensional stirring is strong enough to overcome the Rossby quasi-
elasticity of the vortex edge that would otherwise form. McIntyre (1995) has ar-
gued using current fluid-dynamical thinking that the polar vortex typically cannot 
sustain an average throughput much greater than about a sixth of a vortex mass 
per month, or half a vortex mass per winter, unless a currently unknown force 
is to act prograde to the rotation of the Earth. McIntyre (1989) has also argued 
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that the strong gradients of PV at the edge of the vortex inhibit transfer into the 
vortex. 
General Circulation Models have been used to look in detail at the polar regions. 
Pierce and Fairlie (1993) studied the Lagrangian evolution of material lines within 
the stratosphere of the northern hemisphere winter vortex using isentropic winds 
and diabatic heating rates obtained from the NASA Langley Research Centre 
atmospheric circulation model. Their experiments involved integrating material 
contours from 1 December for upto 20 days, on the 465 K isentropic surface 
(-22 km). Simulations showed evidence for 'chaotic advection' near the edge 
of the stratospheric polar vortex which leads to rapid mixing of vortex air with 
tropical and mid-latitude air as material near the edge of the polar vortex is drawn 
into thin filaments. The development of filamentary structures in constituent 
distributions can drastically increase the efficiency of mixing by increasing the 
interfacial surface area between different air masses. 
In a similar study, Orsolini et al. (1995) used a high-resolution transport 
model using winds derived from global analyses to investigate the behaviour of 
an initially compact tracer within the Arctic vortex. Their studies were confined 
to the winter lower stratosphere during late January 1992. As with other high-
resolution models their results showed the entrainment of mid-latitude air into 
the vortex and pronounced filamentation with laminar structures of the order 
1 km in the vertical. 
Polvani and Plumb (1992) investigated the behaviour of an isolated vortex 
perturbed by topographically forced Rossby waves using the method of Contour 
Dynamics (Dritschel, 1989). Their simulations showed the vortex to be eroded 
through filamentation and there was no evidence of intrusion of mid-latitude air 
into the vortex. 
Trajectory techniques have also been employed to investigate the extent to 
which the vortex interior is isolated from mid-latitudes. Bowman (1993a, b) used 
National Meteorological Centre wind fields derived from geopotential height fields 
to study quasi-horizontal mixing by the large-scale flow in the lower stratosphere 
during austral spring. He computed trajectories for large ensembles of particles 
initially inside and outside the main polar vortex. Mixing and transport were 
diagnosed through estimates of finite time Lyapunov exponents and Lagrangian 
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dispersion statistics of the tracer trajectories. Bowman (1993a) found that above 
the 450 K isentropic surface ('-.20 km) there is little exchange of air across the 
vortex boundary. Below this level there is substantial exchange of air across 
the vortex boundary. The isolation of the interior vortex from mid-latitudes 
above the 450 K isentropic surface is consistent with the three-dimensional parcel 
calculations of Fisher et al. (1993) who showed that air within the southern polar 
vortex descends from the mesosphere to the lower stratosphere in winter and early 
spring, with negligible mixing across the polar vortex boundary. Bowman (1993a) 
found that at the end of the spring season, during the vortex breakdown, there 
is rapid mixing of air across the vortex boundary. 
Experiments using contour advection calculations (Waugh and Plumb, 1994) 
have also addressed the degree to which the vortex is isolated. Chen (1994) and 
Chen et al. (1994a) studied the evolution of zonal contours initialised in the 
polar region using a semi-Lagrangian transport model and a contour advection 
technique with winds from the United Kingdom Meteorological Office for the 
Antarctic winter and spring of 1992. They considered advection on stacked isen-
tropic surfaces between 375 K and 850 K ('-'15-34 km) which covers the core of the 
Antarctic polar vortex where polar stratospheric clouds and widespread ozone de-
struction occur. They found that passive tracers are well-mixed within the polar 
vortex as well as in the mid-latitude 'surf zone'. In the lower stratosphere (375 K, 
r'i15 km) significant exchange of polar vortex air into the mid-latitudes occurs 
throughout the winter and spring. In the middle stratosphere (600K, —27 km) 
there is little meridional transport of tracer across the vortex edge in late winter 
and early spring, but there is substantial exchange of air mass between the high 
and middle latitudes in late spring. 
Plumb et al. (1994) used the contour advection technique to reveal three 
distinct events during the Arctic winter of 1991-92 when there was substantial 
intrusion of mid-latitude air into the vortex on the 450K isentropic surface, in 
apparent contradiction of the view that the polar vortex constitutes an isolated 
air mass. Advection of PV isopleths during the period 6-16 December, 16-28 
January and 13-28 February all showed evidence of intrusion of extravortex air 
into the vortex. Direct confirmation of the presence of the intrusions and of their 
locations was provided by aerosol observations from the airborne differential ab- 
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sorption laser lidar aboard the NASA DC-8, taken as part of the second Airborne 
Arctic Stratospheric Experiment campaign. Further corroboration came from in 
situ measurements from the NASA ER-2 aircraft. Considering the quantity of 
extravortex air injected during the intrusions, Plumb et al. (1994) estimated that 
following each of the three intrusion events the vortex included a few percent of 
intruded air, with perhaps as much as 5% after the January event. This clearly 
shows that although the vortex is by no means flushed over the course of the win-
ter the intrusions might be substantial enough to have a direct impact on vortex 
chemistry. Plumb et al. (1994) showed that such intrusive events were com-
mon in other northern hemisphere winters, although a preliminary investigation 
revealed no such events during the southern hemisphere winter of 1987. 
High-resolution models in conjunction with diabatic heating rate calculations 
have been used to look at the three-dimensional evolution of air within the 
vortex interior. Manney et al. (1994a) used a three-dimensional model using 
UKMO assimilated winds and heating rates derived from a middle atmosphere 
radiation code to examine flow in the winter hemispheres covering the UARS 
mission. In the vertical, in units of potential temperature, the model domain 
ranged from 375 K ('.'15 km) to 1900 K ('-'50 km) and no new parcels were in-
troduced during the advection. Results showed the classical picture of poleward 
and downward descent during the course of the winter. In the southern hemi-
sphere, parcels started at 1700 K ('-'48 km) in mid-August were seen to reach 
650 K ("-28 km) by early December. They showed that, at all levels, diabatic 
descent was slightly stronger during early winter than during late winter. On the 
1300 K isentrope (-'42 km) typical descent rates were -9.5 K day' in early win-
ter and '--p9.0 K day - ' in late winter. Similarly, on the 465 K isentrope (r-20 km) 
descent rates were '--'0.8 K day' in early winter and '--'0.4 K day - ' in late winter. 
Diabatic descent rates therefore decrease from the upper to lower stratosphere. 
Diabatic descent rates have been estimated directly from satellite-measurements 
of long-lived tracers. For instance, Abrams et al. (1996) used measurements of 
methane, nitrous oxide and hydrogen flouride, made by ATLAS--2 observations 
during 8 April to 17 April 1993, to estimate descent rates within the springtime 
Arctic vortex. They estimated diabatic descent rates to be --'0.8 km month' 
at 20 km and '--'3.2 km month 1 at 40 km. The vortex in the upper stratosphere 
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was seen to have eroded by this time, although a clear separation between vor -
tex and extra-vortex air persisted until mid-April 1993 in the middle and lower 
stratosphere. 
Recently three-dimensional trajectory calculations have been performed by us-
ing UARS data to initialise trajectories within the polar regions. For instance, 
Manney et al. (1995) initialised r.,100,000 grid points on a 2° latitude by 5° 
longitude grid, with 26 levels in the vertical between 400 K and 1850 K, covering 
a latitude range from the winter pole to 200  in the other hemisphere. Vertical 
diabatic heating rates were obtained from a fast radiation code (Shine, 1987) 
and two-dimensional isentropic winds were obtained from the UKMO assimilated 
analyses. The grid points were assigned water vapour values (from MLS), and 
nitrous oxide and methane values (from CLAES), by linearly interpolating from 
Fourier-fields of those species on the start date. Advection was performed for 
20-30 day periods to cover early and late winter of the northern and southern 
hemisphere winters of 1992-93. In the Arctic, trajectories were initialised on 
3 December 1992 and 14 February 1993 and advected for 30 days. The resulting 
trajectory distributions were then compared with gridded Fourier-fields of obser-
vations from the respective instruments. In general, they found good agreement 
between the trajectory calculations and the behaviour of the passive tracers, but 
for Arctic late winter they noticed apparent non-conservation between the MLS-
measured water vapour (Version 3) in the middle and upper stratosphere. Occa-
sionally the water vapour field predicted from the trajectory calculations did not 
agree well with the actual gridded MLS observations. Precisely why this should 
be is still not well-understood: it could be due to physical processes that are not 
currently understood, but the more likely explanation is either a problem with 
the MLS water vapour retrieval in this region or errors in the three-dimensional 
trajectories. 
6.2 Mid-stratosphere Arctic vortex processes de-
duced from Version 3 MLS data 
As mentioned in the Introduction to this chapter, MLS (Version 3) water vapour 
measurements have been used to quantify the dynamical and chemical processes 
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that characterise the polar vortices. Two important studies of the Arctic vortex 
have been reported by Lahoz et al. (1993, 1994). The principal findings of these 
studies will now be reviewed. 
Lahoz et at. (1993) diagnosed Arctic vortex processes during 1991-92 in the 
mid-stratosphere. Data consisted of MLS water vapour, CLAES nitrous oxide 
and UKMO potential vorticity. They concluded that during winter descent of 
mesospheric air occurred into the vortex which dried it at 840 K. Over timescales 
of certainly one month and probably three months there was little or no large-
scale mixing across the vortex edge and the spatial evolution of the moist and 
nitrous oxide-poor areas correlated well with that of the vortex. They suggested 
that the descent of upper mesospheric air during the winter moistened the vortex 
interior on the 655 K isentrope. 
As a more extensive study to their earlier work, Lahoz et at. (1994) investi-
gated the three-dimensional evolution of stratospheric water vapour distributions 
observed by the MLS during the period October 1991 to July 1992. They cor-
roborated their findings with fields of nitrous oxide from the CLAES, assimilated 
winds from the UKMO, UKMO-derived potential vorticity and diabatic heating 
rates inferred from an atmospheric model (Haigh, 1984). Their innovative ap-
proach was to use along-track data to produce vertical cross sections through the 
vortex and thereby observe in great detail the vertical and horizontal structure 
of the northern winter stratosphere. They showed evidence for diabatic descent 
across isentropic surfaces and quasi-horizontal transport along isentropic surfaces. 
They concluded also that relatively dry mesospheric air descends into the mid-
stratosphere over a timescale of 4-5 months, consistent with their previous results 
(Lahoz et at., 1993). 
6.3 Version 4 MLS water vapour and tempera-
tures 
As mentioned previously, we need to use Version 4 MLS water vapour to produce 
analyses of the lower wintertime polar stratosphere. Version 4 data have been 
retrieved using a different algorithm to the Version 3 data that were described in 
Chapter 4 and have been processed routinely since early 1996. Whereas Version 3 
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water vapour is retrieved poorly in the polar regions, being unreliable on the 
46 hPa and also the 22 hPa pressure levels (Lahoz et al., 1996), the Version 4 
water vapour is retrieved reliably to these two pressure levels and are the dataset 
we must use for studies of the lower polar stratosphere. If Version 4 data are 
used, analyses then can be computed on lower isentropic surfaces than is possible 
using the Version 3 data; typically down to the ".550 K as opposed to '-'650 K 
isentropic surface. Little has been reported on differences, if any, between the 
Version 3 and Version 4 water vapour datasets and so it is appropriate to look in 
some detail for any differences. 
6.3.1 Version 4 MLS water vapour 
Figure 6.3 shows a time mean, zonal mean of the MLS-measured water vapour 
field calculated daily from 14 August to 20 September 1992 on the 22, 10, 4.6 
and 2.2 hPa pressure levels corresponding to altitudes of '-26, 32, 38 and 43km 
respectively. Zonal means have been calculated using Version 3 and Version 4 
data, and MLS water vapour retrieved using a non-linear retrieval algorithm. 
Both Version 3 and Version 4 retrievals use a linear retrieval algorithm, i. e. the 
retrieval algorithm assumes a linear relationship between the brightness temper-
ature (radiance) measured at a particular location (the parameter measured by 
the MLS) and the water vapour mixing ratio at that location. Linear retrieval is 
a simplification of the real atmosphere since, in fact, radiances are related non-
linearly to the water vapour mixing ratio. Consequently a non-linear retrieval is 
needed to utilise fully all the retrieved radiances. Such an algorithm has been 
demonstrated by Dr H. C. Pumphrey in the Department of Meteorology at Edin-
burgh University with which it should be possible to retrieve water vapour down 
to 100 hPa ('-45 km) and to obtain a finer vertical resolution. However, the non-
linear retrieval is computationally very expensive and at the time of writing few 
whole days worth of data have been processed with it. 
As noted by Lahoz et al. (1996), retrievals of Version 3 water vapour are 
satisfactory over most of the stratosphere at and above 46 hPa, but not in the 
lower stratosphere of the winter polar vortex. An explanation of why this is so has 
been given by Suttie (1995). The low temperatures in the polar regions depress 
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Figure 6.3: Time mean, zonal mean vertical sections of the MLS-measured water 
vapour field computed daily from 14 August to 20 September 1992 on th 22, 10, 
4.6 and 2.2 hPa pressure levels. These correspond to altitudes of '-.26, 32, 38 
and 43 km respectively. The water vapour has been retrieved using the Version 3 
(V3), Version 4 (V4) and a non-linear (NL) algorithm developed in Edinburgh 
(personal communication, Dr H. C. Pumphrey.) 
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points of the MLS-limb-views occur at approximately the same heights for each 
scan but the corresponding pressure of the tangent points varies depending on 
the temperature of the atmosphere. Thus, in the cold polar vortex the MLS 
radiance measurements have an associated tangent pressure which is lower than 
that of corresponding measurements at mid-latitudes. Consequently, because of 
the geometry of limb view measurement, the optical path length of the limb view 
is longer for measurements in the polar regions than for those in mid-latitudes. 
An opacity criterion is used to determine whether or not a radiance measurement 
is used in the retrieval; a radiance measurement is used if the estimated optical 
thickness of the limb view is less than a prescribed maximum permitted value. 
The optical thickness tends to become too thick for radiance measurements to be 
used at pressure levels below -'-'30 hPa in the polar regions. In contrast, in mid-
latitudes retrievals can be reliably made down to 46 hPa. Whenever a retrieval 
has not been made satisfactorily an a priori datum value is used and the retrieval 
is flagged as 'bad'. 
Inspection of Figure 6.3 shows that in the lower stratosphere, specifically on 
the 22 and 10 hPa pressure levels, there is excellent agreement between the Ver-
sion 3 and Version 4 water vapour values. On the 4.6 and 2.2 hPa pressure levels 
the Version 3 data are consistently higher than Version 4 by '-0.5 ppmv. Such 
variation is similar for other measurement periods. On the 22 hPa pressure level 
the data retrieved using the non-linear retrieval algorithm are in good agreement 
with the Version 4 data, but are consistently drier at higher altitudes. 
Figure 6.4 shows the vertical variation in each of the three water vapour datasets, 
computed as a daily time mean, for four distinct latitude bands: 15°N, the equa-
tor, 30°S and 60°S, for the same time period as in Figure 6.3. The profiles cover 
the pressure range 22 to 0.01 hPa, representing an altitude range of -'-'27-80 km. 
In general, all three water vapour datasets show the same vertical structure, 
with water vapour values increasing with height in the stratosphere to reach a 
maximum at 65 km. Water vapour values then decrease with altitude into the 
mesosphere. There is very good agreement between the Version 3 and Version 4 
data values in the lower stratosphere and mesosphere, but larger differences in 
the middle and upper stratosphere. In these regions the Version 3 water vapour 
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Figure 6.4: Time mean, vertical sections of the MLS-measured water vapour field 
computed daily from 14 August to 20 September 1992 and computed as a zonal 
mean centred on 15°N, the equator, 30°S and 60°S. The water vapour has been 
retrieved using the Version 3 (V3), Version 4 (V4) and a non-linear (NL) algorithm 
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Since we are interested in water vapour retrieved low down in the polar vortices 
it is instructive to look at vertical cross sections of along-track data for time 
periods when the MLS is viewing the polar regions, particularly when interior 
vortex temperatures are sufficiently low for polar stratospheric clouds to have 
formed. Under these extreme conditions the linear retrieval is likely to be suspect, 
for the reasons already mentioned. Figure 6.5 shows some measurement locations 
of the MLS on 30 August 1992 superimposed on some PV isopleths on the 650 K 
isentropic surface for 12 Z on the same day. Ricaud et al. (1995) have shown 
the existence of PSCs within the Antarctic vortex during the period 30 August 
to 3 September 1992 using MLS and CLAES data (retrieved using non-linear 
algorithms) interpolated to the 465 K isentropic surface. PV isopleths on the 
650 K isentropic surface have been overplotted on the footprint locations and 
provide a representation of the 'edge' of the polar vortex. We can see that the MLS 
orbit, as shown by the profile locations, cuts across the Antarctic vortex. The 
vertical structure computed from these MLS profiles using Version 3, Version 4 
and non-linear data are also shown. The cross sections cover a pressure range 
from 46 to 4.6 hPa, representing an altitude range of '-.21-38 km. Individual 
measurements that have been flagged as being too dependent upon the a priori 
data, and hence unreliable for scientific analysis, are marked with a '.'. We can 
see that there are many fewer measurements in the Version 4 dataset which are 
'bad', as compared to the Version 3 dataset, and there are none at all in the 
non-linear dataset. The notable feature of each of the along-track data sections 
is the much drier air within the polar vortex lying below the 22 hPa pressure 
level, as compared to the exterior vortex air. Also notable are the very steep 
meridional gradients in the water vapour field at the edges of the vortex. Above 
r..i25 km this region of steep gradients disappears as we reach the top of the vortex. 
Consideration of the Version 3 and Version 4 cross sections shows that both 
datasets give similar vertical structure in the polar regions but the Version 4 
data are retrieved reliably to lower pressure surfaces in the regions of interest. 
Clearly, we would prefer therefore to use Version 4 water vapour for our studies 
of the Arctic wintertime stratosphere. 
Figure 6.6 shows an analysis of the water vapour field computed using Version 3 
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Figure 6.5: Plot (a) shows some MLS footprint locations on 30 August 1992 
superimposed upon the PV field derived from UKMO analyses for 12Z on 30 Au-
gust. The PV has been interpolated onto the 650K isentropic surface and the 
four PV isopleths provide a representation of the 'edge' of the Antarctic vortex 
by marking regions where PV lies between -11 and -20 PV units (1 PV unit 
= 10 K m2  kg' s'). Also shown are the along-orbit vertical sections using 
Version 3 (V3), Version 4 (V4) and non-linear (N-L) data calculated from these 
profiles. Retrieved data values with too large an error to be scientifically usable 
are marked with a 
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Figure 6.6: Analyses of the MLS-measured water vapour field at 12 Z on 30 Au-
gust 1992 on the 600K isentropic surface (-.'27 km) calculated using Version 3 
and Version 4 data. Superimposed upon the two analyses are PV isopleths that 
provide a representation of the 'edge' of the vortex by marking regions where PV 
lies between -12.5 and -7.5 PV units (1 PV unit = 10_ 6  Km 2 kg's'). Only 
those grid points that have been assigned a constituent value by the end of the 
advection have been plotted. 
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Only those grid points which have been assigned constituent values by the end of 
the advection period have been plotted. The Version 3 analysis has .-'23% of grid 
points parcels unassigned with constituent values by the end of the advection and 
the majority of these lie within the polar regions which are of most interest to 
us. The Version 4 analysis has only r.., 12% of grid points unassigned. Given that 
the MLS measurements are colocated in both versions of the data and that the 
trajectory calculations are identical in both runs, we can attribute this entirely to 
the greater number of valid water vapour measurements retrieved to the 46 and 
22 hPa pressure levels in the Version 4 data, as compared to Version 3. Analyses 
in the lower wintertime stratosphere produced using Version 4 data therefore have 
a comparable percentage of grid points filled as those produced using Version 3 
data in the middle stratosphere used for the studies in Chapter 5. Superimposed 
upon the analyses in Figure 6.6 are selected PV isopleths chosen to represent the 
'edge' of the polar vortex. We can see that although the constituent values are 
different on the two analyses there is very good agreement between the spatial 
structure shown in the two analyses; both show the driest region to be strongly 
confined to the vortex interior, with a sharp transition occurring at the vortex 
boundary. The Version 4 analysis, with respect to the Version 3 analysis, is 
drier in the tropics and mid-latitudes, in agreement with the zonal mean analysis 
presented earlier. 
We need to consider why it is that as the retrieval algorithm gets more complex, 
the retrieved water vapour values, in general, decrease. Differences between the 
Version 3, Version 4 and non-linear water vapour values can be attributed to 
several main factors (personal communication, Dr H. C. Pumphrey). 
• The a priori data used in the Version 4 and the non-linear retrievals have 
lower values and are more accurate than the a priori data used for the 
Version 3 retrievals. In the upper troposphere the Version 4 a priori data 
come from SAGE—IT measurements and in the mesosphere they come from 
HALOE data. 
• The sideband ratios used in the Version 4 and the non-linear retrievals are 
larger than in Version 3. 
• In the Version 4 and the non-linear retrievals the retrieved tangent heights 
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are lower due to the revised spectroscopy of the MLS-measured 63-GHz 02 
lines. This leads to lower retrieved radiances and hence lower water vapour 
values. 
In summary, Version 4 MLS water vapour are retrieved reliably lower down in 
the winter polar stratosphere than the Version 3 data. Moreover, they are believed 
to be more accurate than Version 3 at all heights. The non-linear retrievals, in 
turn, are retrieved lower down than the Version 4 data and again should be a 
further improvement. However, given the relatively small dataset that has been 
retrieved using the non-linear retrieval it is appropriate that we use the Version 4 
data for our studies of the Arctic lower stratosphere. 
6.3.2 Wave events in Version 4 water vapour 
It is of paramount importance to see if the Version 4 MLS-measured water vapour 
shows the same structure as the Version 3 data, particularly in regard to the 
location of the breaking planetary waves studied in Chapter 5. 
Figure 6.7 shows an analysis during the prominent wave-breaking event in early 
September 1992 on the 1100K isentropic surface ('-'38km), as shown in both 
Version 3 and Version 4 MLS water vapour. Data have been interpolated us-
ing Version 3 and Version 4 temperatures and pressures respectively. The same 
colour-rule has been used for both analyses. 
Inspection of both water vapour analyses shows that the Version 4 water vapour 
data are everywhere drier than the Version 3 data and there is no significant 
geographical bias to the dehydration. Importantly, the structure shown in both 
analyses is in very good agreement. In particular, the tropical-subtropical barrier 
is delineated in a similar manner, with steep meridional gradients in both water 
vapour fields south of the equator. The anticyclone in southern mid-latitudes is 
shown in a similar position and the tongue of tropical air that is being pulled into 
southern mid-latitudes has a similar size and structure in both datasets. 
6.3.3 Determining the lowest isentrope 
Before determining the lowest isentrope on which Version 4 MLS-measured wa- 
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Figure 6.7: Analyses of the prominent wave breaking event on 8 September 1992 
on the 1100 K isentropic surface ('38km) as shown in both Version 3 and Ver-
sion 4 MLS water vapour. Interpolation has used Version 3 and Version 4 MLS-
measured temperatures and pressures respectively. 
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Version 4 water vapour onto isentropes is dependent upon both the new water 
vapour data and the new Version 4 temperatures. It is therefore important to 
determine whether it is the new temperatures or the new water vapour values 
which dominate. Work in addressing this question has been done recently by 
Dr I. A. MacKenzie in the Department of Meteorology at Edinburgh University 
and the conclusion was that the new water vapour values dominate over the new 
temperature values. 
Since we wish to perform advection on isentropic surfaces it is of interest to 
look at how Version 4 temperatures differ with respect to Version 3 temperatures 
because the isentropic surfaces are a function solely of pressure and absolute 
temperature (see Poisson's Equation, Chapter 2). Ideally we will find little dif-
ference in the vertical distribution of the isentropic surfaces computed from the 
two different datasets. To address this question, the zonal mean isentropic distri-
bution from 18 August to 20 September 1992 was calculated using Version 3 and 
Version 4 temperatures, hereafter referred to as the Version 3 and Version 4 isen-
tropes. The resulting distribution is shown in Figure 6.8. As explained earlier, 
Version 3 temperatures are only reliably retrieved down to the 22 hPa pressure 
level (Fishbein et al., 1996) and temperatures on the 46 hPa pressure level are 
obtained from National Meteorological Centre stratospheric analyses. 
We can see that there is generally good agreement in the vertical distribution of 
the isentropes, especially in the lower stratosphere. Throughout the stratosphere 
the Version 4 isentropes are generally lower in altitude than the corresponding 
Version 3 isentropes and this can be attributed to the Version 4 temperatures 
being slightly higher than those in Version 3. In the mesosphere, however, the 
Version 4 isentropes are higher in altitude meaning that the Version 4 tempera-
tures in this region are lower than those in Version 3. Figure 6.8 also shows us 
that, given reliable water vapour retrievals on the 46 hPa pressure level, we should 
be able to produce analyses of Version 4 water vapour on isentropes above '-'550 K 
(r.)25 km) whereas using Version 3 data analyses are confined to isentropes above 
—650 K. This means that Version 4 analyses can be made --3 km lower down than 
Version 3. 
To check that the 550 K isentropic surface is satisfactory as a lower-bound, we 
produced analyses of the Version 4 MLS-measured water vapour field for 12 Z on 
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Figure 6.8: The zonal mean, time mean vertical distribution in isentropic surfaces 
computed using Version 3 (solid line) and Version 4 (dashed line) temperatures 
and standard MLS pressures. The time period is from 18 August to 20 Septem-
ber 1992. Note the irregular spacing of the isentropes. 
30 August 1992 on the 450 K, 500 K, 550 K, and 600 K isentropic surfaces, span-
ning the altitude range '20-27 km. These are shown in Figure 6.9. At this time, 
polar stratospheric clouds (PSCs) were believed to exist within the Antarctic vor-
tex (Ricaud et al., 1995) and these were associated with very low temperatures 
(195 K) on the 46 and 22 hPa pressure levels. Under these conditions the linear 
retrieval algorithm is likely to be suspect, for the reasons mentioned in (6.3.1). As 
such, it is reasonable to expect that if analyses can successfully be produced on 
the 550 K isentropic surface at the time of these extreme stratospheric conditions 




MLS measurements of Arctic water vapour 
45Q 	 500 K 
5O K 600 K 
I 	- 
4.0 	4.2 	4.4 	4.6 	4 . 5 	5.0 	5.2 	5.4 
[ppmv] 
Figure 6.9: Four analyses of the MLS-measured water vapour field (Version 4 
data) at 12 Z on 18 August 1992 on the 450 K, 500K, 550 K, and 600 K isentropic 
surfaces. The analyses cover the approximate altitude range 20-27 km. Only 
those grid points that have been assigned data values by the end of the advection 
have been plotted. The projection is orthographic extending from the equator to 
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Inspecting Figure 6.9, we can see that the analysis produced on the 450 K isen-
tropic surface is largely non-existent. This directly reflects the very high number 
of retrievals with large errors on this level. The analysis on the 500 K isentropic 
surface is affected in a similar manner, although less markedly. Analyses on the 
550 K and 600 K isentropic surfaces are substantially 'filled' though, reflecting the 
fact that they lie just above the 46 hPa pressure level and consequently there are 
many more reliable retrievals in the Version 4 data at these levels. Indeed, on 
the 550 K isentrope, 91% of the grid points have been assigned a value by the 
end of the advection. This is commensurate with the analyses produced using 
Version 3 data in the upper stratosphere, used in Chapter 5. 
Consequently, all the analyses used in the next section were produced on, or 
above, the 550 K isentropic surface. 
6.4 Northern hemisphere winter: 1991-92 and 
1992-93 
Now that we have established the lowest isentrope on which analyses of Version 4 
water vapour may be produced reliably, we are interested in producing time-series 
of analyses low down in the winter stratosphere, particularly within the Arctic 
vortex. From these we can expect to highlight the behaviour of water vapour 
in the wintertime lower Arctic stratosphere and determine regions and rates of 
diabatic descent within the vortex. 
6.4.1 Temporal evolution at 550K 
During the 1991-92 northern hemisphere winter, the MLS was viewing 'north' 
from 4 December 1991 to 14 January 1992 and from 15 February to 19 March 
1992, and during these periods made uninterrupted measurements of the Arctic 
vortex region. Similarly, for the 1992-93 northern hemisphere winter the MLS 
viewed 'north' from 29 November 1992 to 9 January 1993 and 10 February to 
19 March 1993. To look at the Arctic vortex in the lower stratosphere we produced 
analyses of Version 4 water vapour on the 550 K isentropic surface (-'25 km) for 
both winters. The analyses were produced at five day intervals. Considering first 
the northern hemisphere winter of 1991-92, Figure 6.10 shows analyses spanning 
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early December to mid-January. Similarly, Figure 6.11 shows selected analyses 
during the later part of the winter, from late February until late March. When 
the MLS returned to viewing the Arctic region in later April 1992 the vortex 
had completely broken up and mixed to the background flow. The analyses 
show a number of interesting features. Quite clearly, the vortex is often displaced 
markedly from the pole, notably in the later stages of the winter, and this suggests 
that zonal means would be an unsatisfactory method of looking at the vertical 
structure of the vortex. 
For both winters, we can also see that the first analysis in the sequence (early 
December) shows the vortex in its early formation. Subsequent analyses show the 
vortex becoming more strongly defined through January-March. It is also appar-
ent that the air characteristic of the vortex 'interior' has progressively moistened 
with time: in early December the mixing ratio of interior vortex air is typically 
'-.'5.O ppmv, whilst by late-March it is >5.4 ppmv. The moistening of the vortex 
is as a result of strong diabatic descent within the vortex interior due to strong 
radiative cooling in the polar stratosphere. This serves to progressively lower 
isentropes within the vortex during the course of the winter, often by several 
kilometres with respect to their height in mid-latitudes (Lahoz et al., 1994), and 
brings moister air from high altitudes down into the core of the vortex. Such 
motion has been shown in three-dimensional models of the Antarctic vortex, e. g. 
Fisher et al. (1993) who showed diabatic descent of dry mesospheric air into 
the lower stratosphere during the southern hemisphere winter of 1991. In their 
calculations lower mesospheric air ('-O.1 hPa, 65 km) was seen to descend to the 
very low stratosphere ('100 hPa, 16 km) over a course of five months with lit-
tle mixing of parcels initialised on different isentropes. Descent rates peaked at 
'12 km month' in the upper stratosphere, decreasing to -'3 km month - ' in the 
lower stratosphere. Mixing ratios of methane in the middle stratosphere were 
as low as those in the mesosphere confirming the HALOE observations of low 
methane in the spring Antarctic vortex during 1991 by Russell et al. (1993b). 
Since methane has a long photochemical lifetime at these heights (Brasseur and 
Solomon, 1986) Russell et al. (1993b) proposed that the low methane mixing 
ratios in the polar stratosphere were a direct consequence of methane-poor air in 
the mesosphere descending to lower altitudes. 
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Figure 6.10: Four analyses of the MLS-measured water vapour field during the 
early northern hemisphere winter of 1991-92, spanning the period 10 Decem-
ber 1991 to 12 January 1992. Each analysis is on the 550K isentropic surface 
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Figure 6.11: As for Figure 6.10, but for 21 February to 23 March 1992. 
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Fisher et al. (1993) also showed that the vertical gradients of the methane in the 
vortex are very weak and they attributed this to the quasi-horizontal isopleths of 
conservative trace gases tipping over to the vertical as they enter the stratosphere 
of the vortex from the mesosphere. 
6.4.2 Diabatic descent within the vortex 
In order to quantify diabatic descent through the vortex we would like to consider 
the water vapour mixing ratio of air that is characteristic of 'interior' vortex 
air and then monitor its temporal evolution. For interior vortex air on a given 
isentrope, diabatic descent of moist air from above will lead to a temporal increase 
in the water vapour mixing ratio on this isentrope during the winter. 
We require then a robust way of defining 'interior' and 'exterior' vortex air that 
can be applied systematically to each analysis throughout the winter. The obvious 
way to do this is to determine the location of the 'edge' of the polar vortex and 
to then look at the mean water vapour mixing ratio of all grid points 'inside' the 
vortex. The edge of the polar vortex, however, is rather subjective, and several 
definitions have been used in the literature, based on the resolution required for 
the study, and on physical or chemical criteria. Proffitt et al. (1989) defined it 
as the location of the rapid rise in CIO mixing ratio, in particular where CIO 
reaches 130 parts per trillion by volume (pptv) at 18 km altitude. They showed 
evidence of a narrow transition zone at the boundary for the chemically active 
species CIO, 03 NOV , and NO. A somewhat wider transition zone was observed 
for the chemical species N 20 and H2 0 and for the meteorological parameters of 
temperature, wind speed, and potential temperature. Several studies have used a 
definition of the edge of the polar vortex as being the region of steep meridional 
gradients of potential vorticity on isentropic surfaces in the polar regions (e. g. 
Tuck et al., 1992, Bowman, 1993a, b, and Plumb et al., 1994), specifically where 
PV lay between —12.5 and —l0PVunits (lPV unit =10 5 Km2 kg's') on the 
475 K isentropic surface. Since the region of steep meridional gradient in the PV 
field corresponds closely to the region of strong circumpolar winds, Proffitt et 
al. (1990) used the location of maximum windspeeds as measured by the NASA 
ER-2 aircraft. A statistical analysis of dispersion rates of parcels advected in 
three-dimensional models has also been used to quantify the vortex edge; an 
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abrupt drop in dispersion indicates a barrier to mixing (Bowman, 1993a). 
The definition of the Arctic vortex edge that we use is the location of the steep 
meridional gradient in the PV field. A PV isopleth PVedge is then chosen to mark 
the transition between interior and exterior vortex air. Recognising that both the 
PV fields and the MLS water vapour analyses are valid at 12 Z, we 'label' interior 
vortex air by interpolating the PV onto the equal-area grid. Those grid points 
with absolute PV values equal to, or greater than, the absolute value of PVd9 
are labelled as being interior vortex air. 
Figure 6.12 shows both the water vapour and the potential vorticity fields on 
the 550 K isentropic surface at 12 Z on 31 December 1991. The 6 and 8 PV unit 
isopleths (1 PV unit = 10 Km2 kg' s 1 ) have been chosen to represent the 
approximate boundary of the vortex as these are located in the region of steep-
est meridional gradients in the PV field. We can see that the region of highest 
water vapour mixing ratios is, to a very close approximation, colocated with the 
region of steep PV gradients. Since both PV and water vapour are conserved 
for adiabatic and frictionless flow, there should be good spatial correlations on 
individual days, although the relationship between them will change with time 
due to diabatic effects. Figure 6.13 shows a scatter plot of potential vorticity 
against water vapour for the analysis shown in Figure 6.12. The correlation be-
tween the two datasets was determined to be 0.89. Manney et al. (1995) reported 
similar correlations between potential vorticity and nitrous oxide, methane and 
water vapour on the 650 K isentrope on 3 December 1992. The fact that there is 
such good spatial correlation between the MLS-measured water vapour field and 
the UKMO-derived potential vorticity field gives confidence in using potential 
vorticity isopleths to define the location of the polar vortex 'edge'. 
In sum, by combining the PV and water vapour analyses we have established a 
robust 'vortex-centred' coordinate that can be applied to each analysis and that 
lets us monitor the temporal evolution of the interior vortex in a manner which 
is unaffected by the vortex being off-centre. 
6.4.3 The Arctic lower stratosphere 
For each of the analyses of the Arctic lower stratosphere (described in 6.4.1) the 
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Figure 6.12: The MLS-measured water vapour analysis and the UKMO-derived 
potential vorticity at 12 Z on 31 December 1991 on the 550 K isentropic surface. 
Both fields have been plotted on the same projection, but the continental bound-
aries have been omitted from the PV plot for clarity. The vortex 'edge' has been 
defined by the location of the 6 and 8 PV unit isopleths (1 PV unit = 10 5 
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Figure 6.13: A scatter plot of the MLS-measured water vapour analysis 
(ppmv) and the UK MO-derived potential vorticity (PV units) at 12 Z on 31 De-
cember 1991 on the 550K isentropic surface ('-'.25km). lPV Unit = 10 
K in  kg- s-' 1 . 
the temporal evolution of this mixing ratio was monitored. A standard deviation 
for the mixing ratio of the interior vortex air was also computed. At this height 
(550 K, -.25 km) we would expect a gradual moistening with time during the 
winter and spring as diabatic descent occurs (e. g. Lahoz et al., 1994). 
Due to the subjectivity of defining the vortex edge with a single isopleth of 
PV the experiment was run twice, each time using a different isopleth of PV: 
one experiment used all grid point parcels with PVedge = 8 PV units and a second 
used PVedge = 10 PV units (1 PV unit = iO K m2 kg 1 s'). Results are shown 
in Figures 6.14 and 6.15. 
One thing that is immediately apparent is that the behaviour is largely identi- 
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Figure 6.14: The temporal change in the mean water vapour mixing ratio of those 
grid points considered to be interior vortex air on the 550 1< isentropic surface for 
the northern hemisphere winters of 1991-92 and 1992-93. The experiment was 
performed for the vortex edge defined by PVedge = 8 PV units (1 PV unit = 10 
Km2 kg-1 s 1 ). Standard deviations for both datasets have been overplotted 
(dashed) along with the computed least-squares best fit line (solid). The dashed 
vertical lines show 1 January and the pairs of dotted vertical lines indicate when 
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Figure 6.15: As for Figure 6.14, but for the vortex edge defined by 
PVedge = 10 PV units (1 PV unit = iO Km 2 kg-1 s 1 ). 
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cal for both winters, suggesting that our method is robust in accounting for the 
intermittent bad profiles near the 550 K isentropic surface and also the effects of 
the off-pole vortex. This is encouraging, as the two winters were, in general, char-
acterised by differing meteorology (Manney et al., 1994b) with the PV gradients 
in the 1992-93 lower Arctic stratosphere being anomalously strong and persistent 
compared to those during the last sixteen Arctic winters. Air motion diagnostics 
computed for three-dimensional trajectories confirmed the 1992-93 lower Arctic 
vortex to be substantially more isolated than is typical. For three months the PV 
gradients were closer to typical Antarctic values than to normal Arctic values. 
Figures 6.14 and 6.15 also show clearly that the interior Arctic vortex becomes 
progressively more moist at this level, with typical mixing ratios of ppmv 
in early November increasing to "-'5.5 ppmv by late March. This represents an 
increase in the mean mixing ratio of '10%. It is also apparent that the stan-
dard deviation increases slightly with time, being '0.2 ppmv in early November 
and increasing to .—'0.45 ppmv by late March. This suggests that the vortex air 
becomes progressively less well-mixed during the winter. 
Since there is clear evidence for the Arctic vortex moistening on the 550 K isen-
tropic surface due to diabatic descent of moist air from above, it is of interest 
to try to quantify the rate of descent of the moist air onto the 550 K isentropic 
surface, and in particular to determine where the moist air on the 550 K isentrope 
originated. This is similar to the argument of Lahoz et al. (1994) for dehydration 
within the middle stratosphere. They postulated three mechanisms for dehy-
dration of Arctic vortex air in the middle stratosphere, namely 1) ascent of air 
from the lower stratosphere, 2) large-scale horizontal advection of air from lower 
latitudes into the Arctic vortex, and 3) descent of mesospheric air into the mid-
stratosphere. Only the latter was consistent with their observed cross sections 
of water vapour, nitrous oxide, PV and modelled diabatic heating rates. They 
suggested therefore that dehydration within the middle stratosphere could have 
resulted from descent of dry air from the lower mesosphere, since above heights 
of '-'65 km the mesosphere is relatively dry (Bevilacqua et al., 1983). 
Assuming that there is no appreciable isentropic mixing of extra-vortex air 
into the vortex interior then a simple way to estimate descent onto the 550 K 
isentropic surface is to recognise that in mid-March the typical mixing ratio of 
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interior vortex air at this level is 	ppmv and that in early-December the 
typical mixing ratio is ,-..i5.0 ppmv. Consequently we can reasonably expect the 
5.5 ppmv isopleth of water vapour mixing ratio to have descended onto the 550 K 
isentropic surface from above during the time period of early-December to mid-
March, approximately three and a half months. Calculating where the 5.5 ppmv 
isopleth was located in early December will tell us approximately how far, in units 
of potential temperature, the 5.5 ppmv isopleth has descended during the course 
of the winter. 
To that end, analyses in early December for both northern hemisphere winters 
were produced on stacked isentropic surfaces through the stratosphere. We then 
determined on which isentropic surface the mean interior vortex mixing ratio was 
5.5 ppmv. Our argument is that it is this air which has directly contributed to 
the moistening of the interior vortex on the 550 K isentropic surface. Each of the 
stacked analyses were inspected in turn and the PV isopleths at each height were 
again used to determine the mean mixing ratio of the interior vortex air. 
For both northern hemisphere winters the 650 K (r28 km) isentrope was shown 
to have a mean interior mixing ratio of .--5.5 ppmv (with PVd9 = 17 PV units). 
Our argument then is that diabatic descent from near the 650 K isentrope di-
rectly contributed to the moistening of the vortex on the 550 K isentropic sur-
face. This corresponds to a diabatic descent of —100K in a little over 100 days, 
or an average diabatic cooling rate of '1 K day' in the polar lower stratosphere 
(-.'0.5 mm _1).  Again, it is encouraging that the calculations give such consistent 
results between successive years. Our estimate for the diabatic cooling rate in 
the wintertime lower stratosphere of the northern hemisphere is consistent with 
that reported by Lahoz et al. (1993). They calculated diabatic heating rates us-
ing the method of Haigh (1984) with MLS retrievals of water vapour, ozone and 
temperature as input. They reported diabatic cooling of '-'1 K day' on the 600 K 
isentropic surface (r27 km), when averaged in the 60°N-70°N latitude band, on 
11 January 1992. Results for the 70°N-85°N latitude band on 1 March 1992 were 
slightly lower, at r0.5 K day'. Their calculations for stratosphere heating rates 
were determined to be accurate to within 10%. 
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6.4.4 The Arctic middle stratosphere 
During the northern hemisphere winters of 1991-92 and 1992-93, analyses were 
computed every five days on the 650 K (rs28 km) and 850 K isentropic surfaces 
(''34 km) for the time periods that the MLS viewed the Arctic vortex. Again, we 
monitored the temporal evolution of the mean mixing ratio of interior vortex air 
on these two levels. 
On the 650 K isentropic surface the vortex was defined by P Vedge = 17 PV units. 
The temporal evolution of the mean water vapour mixing ratio is shown in Fig-
ure 6.16. We can see that there is a similar pattern for both winters, with a 
gradual moistening of the interior vortex on the 650 K isentrope during Decem-
ber and January, and then a subsequent dehydration during February and March. 
For both northern hemisphere winters the mean interior vortex mixing ratio is 
'5.6 ppmv at the start of December, increasing to ppmv by the end of De- 
cember, and then steadily decreasing to 	ppmv by the end of March. 
On the 850 K isentropic surface the vortex edge was defined by P Vd9  55 PV 
units. The temporal evolution of the mean water vapour mixing ratio is shown 
in Figure 6.17. We can see that there is again a similar pattern for both winters, 
with a gradual dehydrating of the interior vortex on the 850 K isentrope as the 
winter progresses. The mean mixing ratio of the interior vortex air is -10% 
lower during mid-March as compared to early December, being -6.0 ppmv in 
late winter and 6.5 ppmv in early winter. Similar dehydration has been reported 
by Lahoz et al. (1993, 1994). 
To investigate whether this is plausible, we used the same argument to estimate 
where the air on the 850K isentrope originated, as we have previously used to 
explain moistening on the 550 K isentropic surface, i. e. if we assume that the 
dehydration evidenced in late March is due to diabatic descent of dry air from 
above during the winter, then we can estimate on which level the air originated 
in early December. Therefore, analyses in early December were computed on 
stacked isentropic surfaces thoughout the middle and upper stratosphere, rang-
ing from the 1100-2500 K isentropic surfaces (35-55 km). Since the mean mixing 
ratio of Arctic vortex air on the 850 K isentropic surface is '--6.0 ppmv by late 
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Figure 6.16: The temporal change in the mean water vapour mixing ratio of 
those grid points considered to be interior vortex air on the 650 K isentropic 
surface (-'28 km) for the northern hemisphere winters of 1991-92 and 1992-93. 
The experiment was performed for the vortex edge defined as PVedge = 17 PV 
units (1 PV unit = 10 Km 2 kg' s 1 ). Standard deviations for both datasets 
have been overplotted (dashed) along with the computed least-squares best fit 
line (solid). The dashed vertical lines show 1 January and the pairs of dotted 
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Figure 6.17: The temporal change in the mean water vapour mixing ratio of those 
grid points considered to be interior vortex air on the 850 K isentropic surface 
(34 km) for the northern hemisphere winters of 1991-92 and 1992-93. The 
experiment was performed for the vortex edge defined as PVedge =55 PV units 
(1 PV unit = 10 Km 2 kg' s 1 ). Standard deviations for both datasets have 
been overplotted (dashed) along with the computed least-squares best fit line 
(solid). The dashed vertical lines show 1 January and the pairs of dotted vertical 
lines indicate when the MLS switched to viewing 'south'. 
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was characterised by air with this mean water vapour mixing ratio. We found 
that although the Arctic vortex is poorly defined by steep PV gradients in early 
December above the 1100 K isentropic surface, it was clear that air on the 1500 K 
isentropic surface had mixing ratios consistent with those seen on the 850 K sur-
face in late March. This suggests a time-averaged descent of 650 K during the 
winter, or of —'6-7 K day', again consistent with the modelled heating rates of 
Lahoz et al. (1994). 
We need to consider whether this descent rate is an over- or an underestimate? 
If there is appreciable isentropic mixing of moist vortex air into the drier mid-
latitudes and a corresponding entrainment of dry mid-latitude air into the vortex 
(Plumb et al.., 1994) then this would be expected to dehydrate the vortex interior 
on a given isentrope. Consequently our method of estimating the rate of diabatic 
descent will underestimate the actual rate since the moist air ending on the 850 K 
isentrope will have had to originate from higher altitudes. 
6.4.5 Changes in retrievals during yaw-periods 
When studying zonal means of Version 3 MLS water vapour, Carr (1996) noticed 
a relational behaviour between the water vapour concentration and the time 
within the yaw-period with noticeably lower water vapour concentrations being 
measured during the few days immediately following a yaw-manoeuvre and during 
the few days prior to the next yaw-manoeuvre. This leads to lower water vapour 
concentrations being measured during these few-day periods when compared to 
colocated measurements during the yaw-period as a whole. At present, the reason 
for this is not fully understood but is likely to be due to the antenna of the MLS 
heating up through solar insolation towards the end of the yaw-period and it still 
being 'warm' during the few days after the yaw-period when the antenna goes back 
into the shade of the UARS. This can be termed the '/3-angle effect'. Evidence 
for this effect is clear in the Version 4 MLS water vapour shown in Figures 6.14-
6.17, where the measurements towards the beginning and end of each of the two 
yaw-periods are noticably lower than the average for the yaw-period as a whole. 
To investigate the phenomenon further, we produced zonal mean time-series of 
equatorial water vapour (Version 4) for the duration of the MLS measurements, 
on the 550 K, 650 K, 850 K and 1100 K isentropic surfaces. These isentropes span 
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the altitude range ''23-38 km and include the three isentropes in Figures 6.14-
6.17. Zonal means were calculated for the latitude band 10°N-10°S and results are 
shown in Figure 6.18. In the equatorial region there is likely to be little short-term 
large-scale dynamical movement of water vapour and so changes can be almost 
entirely attributed to the 0-angle effect. This shows up well in Figure 6.18 where, 
especially on the 550 K and 650 K isentropes, there is a pronounced /3-angle effect 
for the whole duration of the measurements. Considering the first few days and 
the last few days in each yaw-period, then on these two isentropes the 3-angle 
effect leads to a dehydration in the zonal mean of typically :50.25 ppmv when 
compared to the yaw-period as a whole. There is much less of an effect on 
the 850K and 1100K isentropes suggesting that the effect is more pronounced 
lower down in the stratosphere, in accord with the studies using Version 3 MLS 
water vapour by Carr (1996). Similar results (not shown) were obtained for high-
latitudes during the summer months in both hemispheres. Again, during these 
times there is likely to be little large-scale dynamical movement of water vapour 
and so changes in water vapour concentrations will be heavily influenced by the 
0-angle effect. We can reasonably expect measurements in the high-latitudes 
of the winter hemisphere, such as shown in Figures 6.14-6.17, to be similarly 
affected, although direct checking is difficult due to the highly non-zonal flow 
in the winter hemisphere. In sum, consideration of the zonal means shown in 
Figures 6.18 suggest that the 3-angle effect is only important on the 550 K and 
650K isentropes and that on the 850K and 1100K isentropes the effect can be 
largely ignored. 
With this in mind, reconsideration of Figures 6.14-6.17 does not in any way 
alter our conclusions from these experiments. The low water vapour values at the 
start and end of the yaw-periods generally give better agreement with behaviour 
during the middle of the yaw-period when we artificially 'correct' for these low 
measurements. On the 550 K isentropic surface there is still moistening through-
out the winter, and on the 650 K isentropic surface there is little change in the 
mean water vapour mixing ratio. Similarly, consideration of the 850 K isentrope 
shows that there is still dehydration throughout the winter. 
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Figure 6.18: The /3-angle dependence of Version 4 MLS-measured water vapour 
calculated as a zonal mean for the latitude band 10°N-10°S. Data have been 
interpolated onto the 550K, 650K, 850 K and 1100 K isentropes. Yaw-periods 
have been marked with dotted vertical lines and 1 January for 1991 and 1992 has 
been marked with a dashed vertical line. Few reliable data were measured during 
June and July 1992. 
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6.5 Containment of Arctic vortex air 
As well as monitoring the temporal evolution of the mean water vapour mixing 
ratio of the interior vortex air, we have looked at the temporal evolution of the 
mean mixing ratio of grid points bounded by PV isopleths that characterise both 
interior and exterior vortex air. Consideration of Figure 6.12 suggests that if 
there is substantial quasi-isentropic mixing of interior (moist) vortex air across 
the vortex edge, and hence a net flux of moist air into mid-latitudes, then this 
will lead to a temporal moistening of the air bounded by PV 'tubes' outside the 
vortex. This will be the case since the exterior vortex air is always drier than the 
interior vortex air in analyses on the 550 K, 650 K and 850 K isentropic surfaces. 
For the 550 K isentropic surface we looked at the mean mixing ratio of all grid 
points bounded by the 5-6, 6-7, 7-8, 8-9 and 9-10 PV unit isopleths (1 PV unit 
= iO Km2 kg- ' s 1 ) as these define tubes of potential vorticity near the Arctic 
vortex edge and cover the transition from mid-latitude to interior vortex air. 
Results are shown in Figure 6.19. It is encouraging that there is again very 
good agreement between the two winters and this reaffirms that our method 
of interpolating the PV onto the water vapour grid points provides a robust 
coordinate for viewing the temporal evolution of the Arctic vortex. 
The results shown in Figure 6.19 clearly show that the water vapour mixing 
ratio of the interior vortex air increases towards the centre of the vortex, i. e. as the 
PV increases. This is the case for all time periods during the northern hemisphere 
winter. Mixing ratios in the 5-6 PV unit tube are -.4.5 ppmv in early December, 
being '-0.5 ppmv lower than mixing ratios near the centre of the vortex. We 
can also see that, from early December until early March, there is a noticeable 
moistening of interior vortex air (for PV greater than 8 PV units), consistent with 
the descent of moist air from above shown in Figures 6.14 and 6.15. During the 
winter this leads to an increase in the mean water vapour mixing ratio within 
each PV tube of '0.5 ppmv. 
We can see also that the 5-6 PV unit tube shows little variation in mean mixing 
ratio as the winter progresses. This suggests that there is little transfer of moist 
interior vortex air into this tube during the winter. If there was then the tube 
would moisten and this is not observed; maximum mixing ratio values occur in 
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Figure 6.19: The temporal change in the mean water vapour mixing ratio on 
the 550 K isentrope (r.25 km) bounded by 'PV tubes' during the northern hemi-
sphere winter. The PV isopleths of 5-6 (+), 6-7 (*), 7-8 (0), 8-9 (A), and 9-
10(D) PV units have been used (1 PV unit = 10 Km 2 kg 1 s'). The computed 
least-squares best fit line (solid) has been overplotted for each range of PV. The 
dashed vertical lines show 1 January and the pairs of dotted vertical lines indicate 
when the MLS switched to viewing 'south'. 
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late February when mixing ratios reach 	ppmv, only 	ppmv or 4% higher 
than at the start of December. This strongly suggests that there is little net 
flux of moist air across the 5 PV unit isopleth during the course of the northern 
hemisphere winter. Again, this quantitative result is similar for both northern 
hemisphere winters. 
Results for the 650 K (e-28 km) and 850 K (r-i34  km) isentropic surfaces are 
shown in Figures 6.20 and 6.21 respectively. Again, values of PV have been 
chosen for the two isentropes to define air near the edge of the vortex. Results for 
these two isentropes are quantitatively rather different suggesting dynamically 
different behaviour between these two levels and the 550 K isentrope. 
From Figure 6.20 we can see that on the 650 K isentropic surface there is moist-
ening in all tubes during December, perhaps associated with descent of moist 
air from above, and then slight dehydrating during early January. From late 
February onwards there is again a moistening on these levels with a subsequent 
dehydration through March. 
From Figure 6.21 we can see that on the 850 K isentropic surface the behaviour 
is very different. The trend is for dehydration within all PV tubes during the 
course of the winter, again consistent for both winters, with more pronounced 
dehydration towards the interior of the vortex. This is consistent with descent 
of dry air from above. It is interesting that there is a gradual moistening of the 
outermost PV tube during the winter with the mean water vapour mixing ratio 
increasing by ppmv. This suggests that during the winter there is some 
export of moist air from the interior of the vortex into mid-latitudes. 
We can see from Figures 6.19-6.21 that there is again evidence for the 3-angle 
effect at the start and end of the yaw-periods with lower water vapour values being 
measured during these times than for the yaw-period as a whole. If we 'correct' 
for the low values at the start and end of the yaw-period then the behaviour 
of the water vapour in each PV tube is largely unaffected and our conclusions 
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Figure 6.20: The temporal change in the mean water vapour mixing ratio on the 
650 K isentrope (.'28 km) bounded by 'PV tubes' during the northern hemisphere 
winter. The PV isopleths of 12-14 (+), 14-16 (*), 16-18 (0), 18-20 (A), and 20-
22(0) PV units have been used. (1 PV unit = iO Km 2 kg' s'). The computed 
least-squares best fit line (solid) has been overplotted for each range of PV. The 
dashed vertical lines show 1 January and the pairs of dotted vertical lines indicate 
when the MLS switched to viewing 'south'. 
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Figure 6.21: The temporal change in the mean water vapour mixing ratio on the 
850 K isentrope ('34 km) bounded by 'PV tubes' during the northern hemisphere 
winter. The PV isopleths of 40-45 (+), 45-50 (*), 50-55 (0), 55-60 (h), and 60-
65(D)PV units have been used (1 PV unit = 10 Km 2 kg' s 1 ). The computed 
least-squares best fit line (solid) has been overplotted for each range of PV. The 
dashed vertical lines show 1 January and the pairs of dotted vertical lines indicate 
when the MLS switched to viewing 'south'. 
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6.6 Summary 
This chapter has been concerned with a first use of Version 4 MLS-measured 
water vapour to look lower down in the winter Arctic vortex than has hitherto 
been possible using Version 3 data. The Version 4 data are not only retrieved 
reliably to lower pressure levels than Version 3 but are also believed to be more 
accurate. An investigation has been made of the diabatic descent of water vapour 
through the Arctic middle and lower stratosphere and estimates of time-averaged 
diabatic descent rates have been made for these regions. These estimates have 
given useful corroboration to modelled rates. Our studies have focussed on the 
Arctic vortex during the northern hemisphere winters of 1991-92 and 1992-93. As 
a secondary study we have used analyses of Version 4 water vapour to look at the 
budget of water vapour within [PV, 0] tubes near the edge of the Arctic vortex 
to determine if there is a net flux of mid-latitude air into the vortex interior. 
These experiments have been based on examining synoptic analyses of the MLS 
water vapour field and add usefully to previous studies that have used purely 
trajectory calculations - not least because continual assimilation of the MLS-
measured water vapour provides a strong constraint to the evolution of the water 
vapour field, thereby making our analyses less heavily dependent on the quality 
of the meteorological wind fields than in the case for pure trajectory calculations. 
An initial investigation of the Version 4 water vapour was performed with par-
ticular attention to its suitability for studies in the lower Arctic stratosphere. 
The Version 4 water vapour shows similar structure in the polar regions to the 
Version 3 data. Within the vortex, our investigations showed that the Version 4 
MLS water vapour is retrieved reliably to both the 46 and 22 hPa pressure levels, 
unlike the Version 3 data which is often retrieved poorly at these levels. Analy -
ses of zonal mean profiles for the southern hemisphere winter in 1992 show that 
there is good quantitative agreement in the vertical profiles of both datasets, 
with a steady increase in water vapour mixing ratio from the lower stratosphere 
to the lower mesosphere, with peak mixing ratios occurring at '-65 km, and then 
a decrease with height. In particular, comparison between the Version 3 and 
Version 4 datasets shows 1) in regions where the Version 3 water vapour is reli-
ably retrieved to the 46 and 22 hPa pressure levels there is qualitative agreement 
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between the two datasets, 2) in the lower stratosphere, specifically on the 22 
and 10 hPa pressure levels, there is excellent quantitative agreement, and 3) in 
the mid-stratosphere the Version 4 data are usually lower than the Version 3 by 
'10%. Comparison of some of the wave events in Chapter 5, produced using both 
Version 3 and Version 4 water vapour, show that there is excellent agreement in 
the spatial structures shown in the two datasets. This suggests that differences 
between Version 3 and Version 4 MLS water vapour are primarily a function of 
height and have no geographical bias. 
Since Version 4 water vapour is retrieved more reliably to lower pressure levels 
in the winter stratosphere than Version 3 we used these data for our studies of 
the lower Arctic stratosphere. Using Version 4 water vapour we were able to 
produce reliable analyses of the MLS-measured water vapour field on the 550 K 
isentropic surface ('-'25 km), as opposed to the lowest attainable isentrope for 
Version 3 analyses of '-'650 K (-'28 km), and we were therefore able to look lower 
down in the Arctic vortex than has previously been possible. Analyses were also 
produced on the 650 K and 850 K (-34  km) isentropic surfaces. 
Our investigations concerned the temporal evolution of the mean water vapour 
mixing ratio of 'interior' Arctic vortex air on these three isentropic surfaces during 
the northern hemisphere winters of 1991-92 and 1992-93. In accord with results 
obtained from the Version 3 datasets and already reported in the literature, we 
find that there is evidence of diabatic descent of air from the middle stratosphere 
into the lower stratosphere. During both winters the vortex interior was seen to 
moisten by -10% on the 550 K isentropic surface ('-'25 km) due to diabatic descent 
of moist air from above. We estimated that the moist air evidenced on the 550 K 
isentropic surface during late March originated from near the 650 K isentropic 
surface in early December. This represents then a time-averaged diabatic descent 
rate of -1 K day' in the lower stratosphere of the Arctic vortex. This rate was 
consistent for both the 1991-92 and 1992-93 northern hemisphere winters and 
is in accord with the modelling work of Lahoz et al. (1993) and Manney et al. 
(1995). Results on the 650 K isentropic ('-28 km) surface show little temporal 
change in the mean water vapour mixing ratio of the interior vortex at this level, 
but results at 850 K (-'34 km) show a progressive dehydration. We estimated 
the dry air on the 850K isentropic surface in late March to have originated near 
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the 1500 K isentrope in early December. This gives a time-averaged descent of 
--650K during the winter, or r'.'6-7Kday', again consistent with the modelled 
heating rates of Lahoz et al. (1994). 
The chapter concluded by investigating the temporal evolution of the mean 
water vapour mixing ratio in PV tubes located near the edge of the Arctic vortex, 
both inside and outside the vortex. Our argument was that if we monitored the 
mean mixing ratio within these regions we could infer if there was any large-scale 
mixing of interior vortex air across the vortex edge during the course of the winter. 
Since the interior vortex air is always more moist than air in mid-latitudes, we 
may expect a net flux of air out of the vortex to lead to a signature of increasing 
water vapour mixing ratio in air confined to PV tubes immediately outside the 
vortex edge. Analyses on the 550 K, 650 K and 850 K isentropic surfaces suggest 
that these heights span two dynamically different regions. On the 550 K isentropic 
surface (-25 km) the Arctic vortex is seen to be largely isolated until the end of 
the northern hemisphere winter. Those PV tubes near the centre of the vortex 
show a progressive moistening with time, consistent with diabatic descent from 
above, whilst the mean water vapour mixing ratio within those PV tubes near 
the vortex edge shows little variation with time, suggesting little or no flux of 
air out of the Arctic vortex. On the 650 K isentropic surface (r28 km) there is 
also substantial isolation, but on the 850 K isentropic surface ('.'34 km) there is 
a suggestion of 'leakage' of moist interior vortex air via quasi-horizontal mixing 
into mid-latitudes. This shows up as a moistening of exterior vortex air within 
the PV tubes located near the Arctic vortex edge. 
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Conclusions and further work 
The aim of this chapter is to review the principal results of this thesis and then 
to suggest a number of areas of further research which are merited. 
7.1 Review of principal results 
7.1.1 The trajectory mapping technique 
Chapter 4 described the development of a trajectory mapping technique to pro-
duce synoptic analyses of asynoptic satellite trace gas data. It was shown how 
the new method follows on from previous synoptic mapping techniques reported 
in the literature. These were reviewed in Chapter 3. The new technique has 
been applied to measurements of water vapour in the middle atmosphere made 
by the Microwave Limb Sounder (MLS) instrument on the Upper Atmosphere 
Research Satellite. These measurements cover the period early October 1991 to 
mid-April 1993. The analyses are produced on an equal-area grid by using a 
simple trajectory model employing isentropic winds obtained from the United 
Kingdom Meteorological Office (UKMO) in conjunction with the MLS-measured 
water vapour data. The zonal and meridional winds and the MLS data are in-
terpolated linearly to the chosen isentropic surface. The vertical winds from the 
UKMO assimilation scheme are unsuitable for use in trajectory calculations and 
consequently the advection scheme was two-dimensional. The main conclusions 
concerning the new trajectory mapping technique were: 
The technique produces synoptic maps of the water vapour field and thereby 
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average'. In particular, the temporal and spatial displacement of the MLS 
measurements is taken into account. This is particularly important in re-
gions of rapid flow such as around the polar vortex where air parcels may 
be displaced several hundred kilometres during a 24-hour period. 
• The technique is an obvious extension of methods reported in the literature 
and combines a number of their best features. In particular, the analyses 
are held on equal-area grid and they reflect all the MLS measurements made 
during the advection period. 
• The analyses greatly increase the spatial resolution of the MLS measure-
ments: the asynoptic MLS measurements are spaced by 15° longitude ('-2700 km 
at the equator) and the equal-area grid has an inter-grid spacing of -85 km. 
Analyses may also be filled poleward of 800  latitude, in regions where MLS 
measurements are not made. 
• A timestep in the Runge-Kutta iteration of thirty minutes reduces the com-
putational expense of the technique whilst, at the same time, giving suffi-
ciently accurate trajectory calculations. 
• The fact that the advection is isentropic (i. e. two-dimensional) is necessarily 
an approximation to the real atmosphere but is sufficiently accurate for time 
periods of the order a week or less. This is the case even in regions of strong 
diabatic cooling such as within the wintertime polar vortices and in regions 
where there are steep vertical gradients in the water vapour field. 
• Accurate analyses can be produced even when there are substantial amounts 
of missing MLS data. 
One important feature of the trajectory mapping technique is the fact that the 
grid point parcels can have their water vapour values updated during the course of 
the advection. As a result the evolution of the water vapour field is constrained as 
much by the MLS water vapour measurements made during the advection period 
as by the wind fields that drive the advection. A consequence of interpolating 
water vapour values to the grid points from the MLS measurements is that, at 
times, the analyses have a somewhat 'spotty' appearance due to neighbouring 
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grid points often having very similar water vapour values. We believe this to be 
exacerbated by the plotting routine as its effect varies depending upon the con-
tour intervals used. Further work for investigating this phenomenon is proposed 
in section (7.2). Techniques reviewed in Chapter 3 that use contour advection 
methods result in features with much finer-scale structure than is evident in our 
analyses although this is not to say they are necessarily more accurate. 
Analyses produced using the technique were then used to investigate two dis-
tinct and interesting phenomena in the middle atmosphere. The first concerned 
quantifying exchange of tropical air into northern and southern hemisphere mid-
latitudes during the course of the MLS measurements, with particular regard 
to interhemispheric differences during 1992. The second concerned the tempo-
ral evolution of water vapour in the lower and middle stratosphere of the Arctic 
vortex during the northern hemisphere winters of 1991-92 and 1992-93. Results 
from these studies will now be reviewed in turn. 
7.1.2 Isentropic tropical-extratropical exchange 
Chapter 5 used time-series of analyses to investigate and quantify the irreversible 
exchange of air from the tropics into northern and southern hemisphere mid-
latitudes for the duration of the MLS water vapour measurements. Version 3 MLS 
water vapour data were used. Analyses were confined to the 1100 K isentropic sur -
face ('38 km) as this is approximately the height at which wave-breaking events 
have their largest amplitudes. Inspection of time-series of the analyses showed 
the tropical region to be characterised by air with the lowest water vapour mixing 
ratios, typically in the range 4.0-5.2 ppmv. The dry tropical region is approxi-
mately zonally symmetric and subtends an angle of , 600  at the equator. The 
poleward extremes of the tropical region are delineated by steep meridional gra-
dients in the water vapour field and these are colocated with steep meridional 
gradients in the potential vorticity field. The centre of the tropical region is seen 
to oscillate in the meridional direction following an annual cycle, with the latitude 
of centre of area' of the tropical region varying between r-10°N in the northern 
hemisphere summer and autumn to -10°S in the northern hemisphere winter. 
The poleward edge of the tropics in the winter hemisphere is episodically dis-
turbed by large-scale planetary waves which propagate equatorward transporting 
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tropical air. When the planetary waves break in the mid-latitudes, the tropical 
air is irreversibly mixed to the background flow resulting in a net exchange of dry 
tropical air into the moister mid-latitudes. 
Area diagnostics were computed using the equal-area nature of the grid to quan-
tify, for each analysis, 1) the mixing ratio characteristic of 'tropical air', 2) the 
'latitude of centre of area' latca of the tropical region, and 3) how much tropical air 
occurs northwards of latca+30° and southwards of lat ca300,  and northwards of 
latca+40° and southwards of lat 0-40°. Area diagnostic calculations were shown 
to be relatively insensitive to the measurement errors of the MLS instrument. It 
was concluded that, insofar as the MLS measurements provided adequate tempo-
ral coverage of the tropical region, -. ,30% of air within the tropics was exchanged 
irreversibly into northern mid-latitudes during 1992, and about -20% was ex-
changed irreversibly into southern mid-latitudes. This difference is likely to be 
due to the reduced planetary wave activity in the southern hemisphere with 
respect to the northern hemisphere, largely arising from interhemispheric differ-
ences in orographical forcing and contrast in the thermal heating rates from the 
differing land and sea masses. These figures are necessarily underestimates as 
the MLS did not view both hemispheres continually and so some wave breaking 
events were missed. In particular, inspection of time-series of the PV field show 
that there were three prominent exchange events into the northern hemisphere 
when the MLS was viewing 'south' and two into the southern hemisphere when 
the MLS was viewing 'north'. Investigations into the vertical structure of selected 
wave breaking events showed that they have signatures throughout the strato-
sphere, extending from the 550 K isentropic surface (e-22 km) up to the 1700 K 
isentropic surface ('-45 km). 
In conclusion, the main findings in the chapter were: 
• Irreversible exchange from the tropics into the mid-latitudes of both hemi-
spheres is clearly evident in analyses of MLS-measured water vapour (Ver-
sion 3) on the 1100K isentropic surface ('-'38 km). The episodes of irre-
versible exchange from the tropics into the mid-latitudes are well-correlated 
with analyses of the UKMO potential vorticity fields. These show irre-
versible deformation of PV isopleths comprising the region of steep merid-
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Our findings are a useful corroboration of modelling studies since the amount 
of tropical air exchanged is determined solely from the area diagnostics of 
the water vapour field. Previous modelling results have been heavily influ-
enced by the meteorological analyses, and definitions of where exactly the 
tropical-extratropical barrier is located. Our results are less heavily deter-
mined by the meteorological analyses and take into account the fact that 
the whole tropical region oscillates significantly in the meridional direction 
over the course of a year. 
• -30% of air in the tropics is irreversibly exchanged into the northern hemi-
sphere during 1992 and —20% into the southern hemisphere. This difference 
is likely to be due to differences in the frequency of orographically forced 
planetary waves arising from the interhemispheric difference between the 
land and sea masses. 
• Our estimates of the amount of air exchanged into the mid-latitudes are un-
derestimates since, as already mentioned, time-series of the PV field high-
light three exchange events into the northern hemisphere and two into the 
southern hemisphere that occurred when the MLS was viewing the opposite 
hemisphere. 
• Analysis of two selected wave breaking events shows that tropical air is 
transported into mid-latitudes on all isentropic surfaces throughout the 
stratosphere, notably from the 550 K isentropic surface (22 km) to the 
1700 K isentropic surface km). 
7.1.3 Temporal evolution of Arctic vortex water vapour 
Chapter 6 used analyses of MLS-measured water vapour to investigate diabatic 
descent of air through the Arctic vortex during the course of the 1991-92 and 
1992-93 northern hemisphere winters. For these studies a new version of the 
MLS water vapour (Version 4) was used. This dataset is retrieved reliably to 
lower pressure levels in the wintertime polar stratosphere than the Version 3 
data. A comparison was made between the Version 3 and Version 4 water vapour 
data. Analyses were made of the MLS-measured water vapour field on the 550 K 
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isentropic surface (-25 km) for the northern hemisphere winters of 1991-92 and 
1992-93 when the MLS was viewing the Arctic vortex. Time-series of analy-
ses were also computed on the 650K ("-'28 km) and 850K ('-'-'34 km) isentropic 
surfaces for these periods. We then interpolated PV derived from the UKMO 
analyses onto the equal-area grid and used chosen isopleths of PV to define 'inte-
rior' and 'exterior' vortex air. The mean water vapour mixing ratio of the interior 
vortex was then computed for each of the analyses and the temporal evolution 
of the mean mixing ratio was monitored. During both northern hemisphere win-
ters, the Arctic vortex moistened on the 550K isentrope ('25 km) from early 
December to late March due to diabatic descent of moist air from near the 650 K 
isentrope ('-'28 km). This gave a time-average diabatic descent rate of '--'1 K day - ' 
in the lower polar stratosphere which is commensurate with results obtained from 
middle atmosphere radiative models (Haigh, 1984). The mean water vapour mix-
ing ratio of Arctic vortex air on the 850 K isentropic surface (-34 km) decreased 
with time, possibly due to diabatic descent of dry air, originating in the upper 
stratosphere near the 1500 K isentropic surface (.-'45 km), during the winter. 
In conclusion then, the principal findings of the chapter were: 
• Within the Arctic vortex, Version 4 MLS-measured water vapour is, in gen-
eral, reliably retrieved to both the 46 and 22 hPa pressure levels. Conversely, 
Version 3 water vapour is often poorly retrieved to these pressure levels in 
the vortex. As a result Version 4 MLS-measured water vapour should be 
used in preference to Version 3 for studies in the lower stratosphere of the 
winter vortex. 
• In mid-latitudes, Version 4 water vapour is in very good agreement with 
Version 3 data on the 22 and 10 hPa pressure levels, but -'10% lower on the 
4.6 hPa pressure levels. Spatial structure shown in analyses of the Version 3 
and Version 4 water vapour is in excellent agreement. 
• Satisfactory analyses can be produced on the 550 K isentropic surface ('-'-'25 km) 
in the Arctic vortex using Version 4 MLS water vapour. This compares 
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• By interpolating UKMO-derived potential vorticity to the grid points of 
each analysis we create a robust coordinate for viewing the Arctic vortex, 
and obviate problems associated with the off-pole nature of the vortex in the 
northern hemisphere winter. Isopleths of PV can then be used to determine 
'interior' and 'exterior' vortex air. The mean water vapour mixing ratio of 
the vortex air can then be determined. 
• For both northern hemisphere winters, the interior vortex on the 550 K 
isentropic surface moistens by '—'10% during the winter (early December to 
late March) and this is as a result of diabatic descent of moister air from near 
the 650 K isentrope. This corresponds to a time-averaged diabatic cooling 
of '—'1 K day' in the lower polar stratosphere, consistent with results from 
radiation models of the middle atmosphere and three-dimensional trajectory 
calculations. 
• In contrast the 850 K isentropic surface ('34 km) becomes dehydrated dur-
ing both northern hemisphere winters, again by '--10%. This is shown to 
be as a result of diabatic descent during the winter of dry air originat-
ing around the 1500 K isentropic surface ('—'45 km). This descent implies 
a time-averaged descent of '-'6.5 K day 1 in the upper stratosphere, again 
consistent with results from radiation models. 
• Experiments involving analysis of the temporal evolution of the mean water 
vapour mixing ratio within PV tubes located near the edge of the Arctic 
vortex, both within and outside, show that on the 550 and 650 K isentropic 
surfaces the vortex is substantially isolated for the duration of the northern 
hemisphere winter. On the 850 K isentropic surface there is evidence of a 
slight decrease in the mean water vapour mixing ratio of PV tubes outside 
the vortex which may be attributable to leakage of moist air out into mid-
latitudes during the winter. 
226 
Chapter 7 	 Discussion and further work 
7.2 Further work 
In the light of the techniques reported in this thesis and the results described, a 
number of useful extensions to the work will now be considered. 
New versions of MLS water vapour 
The studies in Chapter 5, which used Version 3 MLS water vapour and tem-
peratures, could be repeated using Version 4 data. This would be unlikely to 
significantly affect the results, however, as the differences between Version 3 and 
Version 4 water vapour have been shown (Chapter 6) to be largely dependent 
on the pressure level, rather than any systematic spatial differences. Differences 
between Version 3 and Version 4 MLS-measured temperatures are slight. A check 
and comparison of the amount of tropical material exchanged during the episodes 
of wave-breaking would be useful however. 
Analyses in the lower mesosphere 
At present little is known about the spatial and temporal distribution of water 
vapour in the mesosphere (-.'50-85 km). Preliminary results in the upper meso-
sphere have been obtained using MLS data (Pumphrey and Harwood, 1996). 
As mentioned in Chapter 4, the UKMO assimilated wind fields extend up to 
0.316 hPa ('-'-'56 km) and the MLS water vapour measurements extend up to 
0.01 hPa ("-'80 km), with Version 4 water vapour data being retrieved reliably 
to pressure levels below 0.046hPa (-70 km). The technique could therefore be 
applied to produce analyses in the lower mesosphere (-50-55 km), a region in 
which the dynamics and the behaviour of water vapour are poorly understood. 
Three-dimensional trajectories 
As discussed in Chapter 4, a limitation of the trajectory mapping technique is 
the fact that the trajectories are adiabatic. Ideally the trajectories would be 
diabatic, thereby taking into account the three-dimensional motion in the real 
atmosphere which arises due to local diabatic heating or cooling. Although the 
vertical winds from the UKMO analyses are unsuitable to be used for three-
dimensional trajectories, heating rates computed from models, e. g. Haigh (1984) 
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or the MIDRAD code (Shine, 1987) used by Manney et al. (1995), could be used 
to give local diabatic heating rates at each grid point. The analyses would be 
still held on an isentropic surface, but the trajectories would diverge off the initial 
isentrope during the course of the advection. Such three-dimensional movement 
would enable more accurate parcel updates in regions where there is a steep 
vertical gradient in the water vapour field, or in regions where there is strong 
diabatic cooling such as in the winter polar stratosphere. The trajectories could 
also be run for longer than a week or so, especially in the polar regions where the 
UKMO winds are thought to be good, e. g. the 20-30 day advection periods of 
Manney et al. (1995), although this would increase the computational expense 
of the technique. 
Mixing in the northern and southern hemispheres 
As noted in section (7.1.1), at times our analyses have a somewhat 'spotty' ap-
pearance. This is as a result of interpolating from the MLS measurements onto 
the grid points and can leave neighbouring grid points having very similar water 
vapour values at the end of the advection. It also implies that the water vapour 
field varies over smaller spatial scales than in regions where the analyses are less 
'spotty'. An interesting study would be to compare the water vapour values of 
neighbouring grid point parcels in both the northern and southern hemisphere 
for the same time of year. For instance, by monitoring the standard deviation 
of all the grid points within say 300 km of a grid point we would obtain a mea-
sure of the local 'mixing' with larger standard deviations implying more mixing. 
Systematic comparisons could be made between the northern and southern hemi-
sphere for the same time of year, and this may highlight, for instance, whether 
the winter stratosphere of the northern hemisphere is more mixed than the winter 
stratosphere of the southern hemisphere. 
Use of other UARS water vapour datasets 
There are three other instruments aboard the UARS which measure stratospheric 
water vapour. These are the Improved Stratospheric and Mesospheric Sounder 
(ISAMS), the Halogen Occultation Experiment (HALOE) (Russell et al., 1993a) 
and the Cryogenic Limb Array Etalon Spectrometer (CLAES). The water vapour 
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datasets from these three instruments could also be assimilated into the trajectory 
scheme to corroborate the features in the MLS water vapour analyses. CLAES 
measurements of nitrous oxide, discussed in Chapter 5, could also be used more 
extensively to corroborate the features shown in the analyses in Chapters 5 and 6. 
Use of the 4-D Var method with MLS water vapour 
A promising method of analysing the MLS water vapour dataset would be to use 
it in conjunction with the method of 4-dimensional variational data assimilation 
(Fisher and Lary, 1995) that was reviewed in Chapter 3. At its most simple this 
method is substantially similar to the trajectory technique that has been reported 
in this thesis since a dynamical model is used to perform discrete trajectories 
which have their water vapour value updated from nearby satellite measurements. 
Such a method would enable the wind fields for instance to be changed along the 
analyses. Our method is significantly less computationally expensive than that 
of 4-1) Var and is able to give higher resolution analyses. 
In sum then, this thesis has been concerned with the development of a new tra-
jectory mapping technique that has been shown to be well-suited to producing 
synoptic analyses of water vapour in the middle atmosphere from measurements 
made by the MLS. The technique reported in this thesis and the methods that it 
complements put us in a good position to utilise new global datasets of trace gases 
in the middle atmosphere for addressing outstanding issues of stratosphere chem-
istry and dynamics. Chief amongst these new datasets will be those measured by 
the forthcoming NASA Earth Observing System. This mission will comprise a 
wide range of satellite, and ground- and aircraft-based measurements. The first 
of these data should start to be measured from mid-1998, with a new version of 
the Microwave Limb Sounder scheduled for launch in late 2002. 
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Appendix A: The Runge-Kutta iteration scheme 
This section describes the scheme used in the trajectory model to advect a parcel 
from its position at the start of a timestep to its subsequent position at the end of 
that timestep. Each of the parcels is advected in turn and the procedure is used 
at the end of each timestep during the forward and backward phases of advection. 
Specifically, the two-dimensional fourth-order Runge-Kutta iteration scheme, 
when called at time t and with a timestep dt gives the subsequent postition of a 
parcel r(t + dt) at time (t + dt), as: 
r(t + dt) = r(t) + k
1 + 2k2 + 2k3 + k4 
6 
where: 
r(t) 	= 	position of parcel at time t 
r(t + dt) = position of parcel at time (t + dt) 
i(t, r) 	= 	2-D velocity of parcel at r 
= dt x i(t,r) 
k2 	 dtxi(t+,r(t)+-) 
k3 = 	dtxi(t+,r(t)+-) 
k4 	= dt x i' (t+dt,r(t) + k3 ) 
For each timestep, the zonal and meridional winds at each grid point are calcu-
lated for times t, t + and t + dt, by using a linear interpolation in time using 
the current and the next day's wind fields. i(t), (t + ) and i(t + dt) are then 
calculated by linearly interpolating from the grid points at the corners of the cell 
in which the parcel lies. 
To avoid problems with the coordinate singularity at the poles the iteration 
scheme uses polar-stereographic coordinates poleward of 600  latitude. Otherwise 
spherical coordinates are used. 
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Appendix B: The interpolation procedure 
This section describes the method used to interpolate a water vapour value to a 
grid point parcel from MLS water vapour measurements that have been assimi-
lated into the advection scheme. The procedure is only used during the forward 
phase of the advection and is then performed for every grid point after each 
timestep. 
First, a search is made for all those MLS measurements that lie within a ge-
ometric distance d of the grid point. Only those MLS measurements that have 
been made within the timestep are used and so most grid points will have no 
MLS measurements lying nearby, since with a timestep of 30 minutes only 28 
MLS measurements are introduced into the advection scheme. For those grid 
points that do have MLS measurements suitably close by a distance and an error 
weighting coefficient, wd(k)  and w(k) respectively, are assigned to the kth  MLS 
measurement within the search radius in the following way: 
exp (—d(k)2 	d(k) < rd 
Wd(k) = { 0 
	
'd2 ) 
d(k) > rd 
where d(k) is the geometric distance of the k Ih  trajectory from the grid point and 
rd is the geometric search radius used for the grid point. This varies with the 
cosine of the latitude 0 as rd = 300 cos(q) km. 
werr(k) = { 
exp (_e E2 
ii 
0 <err(k) < 1.0 
err(k) <0 
where err(k) is the error-estimate of the MLS measurement and E is a constant 
chosen to give a suitable exponential fall-off. The error-estimate of a MLS wa-
ter vapour measurement is simply the ratio of the estimated uncertainty in the 
retrieved water vapour value to the assumed a priori uncertainty (the a priori 
is 2.0 ppmv everywhere for water vapour.) The data are generally regarded as 
satisfactory when this ratio is less than 0.5, i. e. when the estimated uncertainty 
in the retrieved water vapour value is less than 1.0ppmv. 
Both the distance and the error weighting coefficient functions are shown graph-
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Figure 7.1: Plot (a) shows the distance weighting coefficient Wd as a function of 
the distance of the MLS measurement from the grid point. In this example a 
search radius of 80 km has been used and this corresponds to interpolating onto a 
grid point at latitude -75°. Plot (b) shows the error weighting coefficient Werr as 
a function of the estimated retrieved error of the MLS measurement err. If err 





Using a standard geometric argument, d(k) is expressed then as: 
d(k) = a. arccos {cos (i - cos (i - Pk) + sin G -  sin (i - Pk) cos\k - A)} 
where a is the Earth radius in km, (p, A) are respectively the latitude and longi-
tude of the gridpoint and (Pk, Ak) are respectively the latitude and longitude of 
the kth  MLS measurement within the search radius. 
The combined weighting coefficient for the kt  MLS measurement is then taken 
to be the product of the distance and error weighting coefficients: 
wt0t(k) = Wd(k).Werr (k) 
The normalised weighting coefficients are then formed since we require the 
coefficients to sum to unity: 
w(k) = 	w 0 (k) 
>,i wtot(j) 
where n is the number of MLS measurements within the search radius. 
The interpolated data value V at the grid point is then expressed as the linear 
sum of the products of the weighting coefficients w(k) and the MLS-measured 
water vapour value V0 (k) for each MLS measurement within the search radius: 
V =E w(k).V0 (k) 
If a grid point has been already assigned a water vapour value then it is given 
a new value equal to the mean of the new and old values. 
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